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31. Introduction
In the Standard Model (SM) when the electroweak symmetry is broken via the so-called
Brout-Englert-Higgs mechanism (BEH) 1,2,3,4,5, vector bosons and fermions acquire mass
and a new elementary particle with spin zero and positive parity appears: the Higgs boson.
The ATLAS and CMS collaborations (the two general-purpose experiments at LHC) an-
nounced in July 2012 the observation of a new resonance in diphoton and 4-leptons final
states with a mass around 125 GeV , whose properties are, to date, compatible within the
large uncertainties with the Higgs boson predicted by the SM 6,7.
The Higgs boson production and decay rates measured by ATLAS and CMS give a com-
bined signal yield, relative to the Standard Model (SM) prediction, of 1.09±0.11 8. The
Higgs boson mass is very precisely measured, several decay modes have been observed
with high significance (the bb -mode is not far from reaching the sensitivity to be observed
at 13 TeV center of mass energy). Gluon fusion and vector-boson fusion production modes
have been observed, and VH and ttH are not too far to reach the sensitivity to be observed.
The early discovery is certainly based on two pillars: experimental analysis improvements
and theory accuracy improvements. To understand how the last two conspired to allow for
the Higgs discovery see Refs. 9,10.
The LHC data are consistent with the SM predictions for all the parameterisations con-
sidered. Therefore, after the LHC Run 1, the SM of particle physics has been completed,
raising its status to that of a full theory. However, despite its successes, this standard theory
has shortcomings vis-à-vis cosmological observations. At the same time, there is presently
a lack of direct evidence for new physics phenomena at the accelerator energy frontier.
No matter what the LHC will uncover in the future, understanding the Higgs boson prop-
erties is a pillar of the present paradigm. Direct searches, thus possibly new physics, and
precision measurements will have to be consistent with each other. The need for a consis-
tent theoretical framework in which deviations from the SM predictions can be calculated
is necessary. Such a framework should be applicable to comprehensively describe mea-
surements in all sectors of particle physics, not only LHC Higgs measurements but also
electroweak precision data, etc. By simultaneously describing all existing measurements,
this framework then becomes an intermediate step toward the next SM, hopefully revealing
the underlying symmetries.
This report will review the measurements of the Higgs boson properties, mass, width and
couplings to fermions and bosons, that were performed with the data collected in 2011 and
2012 (i.e. the Run 1) at the LHC accelerator at CERN by the ATLAS and CMS experiment.
It will then introduce a theoretical framework to search for new physics, while measuring
the Higgs couplings with high precisions.
42. Higgs boson phenomenology: production and decay
This Section is not intended to provide a complete phenomenological profile of the Higgs
boson but only to recapitulate few essential informations that are needed to understand the
experimental results and their theoretical interpretations.
At the LHC, the production of the SM Higgs boson occurs via the following processes,
listed in order of decreasing cross section at 7−8 TeV center-of-mass energy in Tab. 1.
Table 1: Higgs boson production processes.
gluon fusion production gg→ H Fig. 1,a
vector boson fusion production qq→ qqH Fig. 1,b
associated production with a W boson qq→WH Fig. 2,a
or with a Z boson pp→ ZH Figs. 2,a
including a small (∼ 8%) but less precisely known contribution from gg→ ZH 2,b and 2,c
associated production with a pair of top or bottom quarks qq,gg→ t tH or→ bbH Fig. 3
associated production with a single top quark qg→ tH Fig. 4
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Fig. 1: Examples of leading-order Feynman diagrams for Higgs boson production via the (a) gg→H
and (b) qq→ qqH production processes.
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Fig. 2: Examples of leading-order Feynman diagrams for Higgs boson production via the (a) qq→
VH and (b, c) gg→ ZH production processes.
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Fig. 3: Examples of leading-order Feynman diagrams for Higgs boson production in association with
tt or bb
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Fig. 4: Examples of leading-order Feynman diagrams for Higgs boson production in association with
a single top quark.
The theory has an invariance based on the group (2L ⊗ 2R) = 1 ⊕ 3; the Higgs field, H, is
the custodial singlet contained in a scalar doublet Φ of hypercharge 1/2. The field Φ devel-
ops a vacuum expectation value (VEV) and H is the quantum fluctuation around the VEV.
This has the consequence that the fermion masses and the Yukawa couplings are not inde-
pendent quantities, i.e. H couples to a fermion-anti-fermion pair of the same flavour, with a
coupling proportional to the mass of the fermion. Equivalently, H couples to vector boson
(WW or ZZ) proportionally to their mass. This simple fact will have deep consequences
when trying to build a model-independent framework for SM deviations.
In order to make the results of this Section transparent we stress the conceptual separation
between diagrams, amplitudes, and (pseudo-)observables.
Diagrams, made of propagators and vertices, describe the couplings and the propagation
and, in general, are not separately gauge invariant.
(Sub-)Amplitudes are a set of diagrams, e.g. the resonant (often called “signal”) and the
non-resonant (often called “background”) parts of a physical process (which may contain
more than one resonant part) and, once again, they are not separately gauge invariant.
Finally, (pseudo-)observables are elements (or are related to elements) of the S-matrix,
e.g. partial decay widths or production cross sections. Therefore, for a light Higgs boson
it makes sense to talk about H→ VV or H→ ff couplings, but objects like partial decay
widths, e.g. ΓH→VV , (forbidden by kinematics) can only be given and interpreted within a
certain set of conventions. Actually, it is not only a question of kinematics, H, W and Z
6are unstable particles whose theoretical treatment is far from trivial and presents a certain
number of subtleties 11,12. Finally, a SM Higgs boson has a very narrow width, more than
four orders of magnitude smaller than its mass, which means that theoretical “at the peak”
predictions are provided in the so-called “zero-width-approximation” (ZWA), equivalent to
(on-shell) production cross section × (on-shell) decay. In essence, the whole game in deter-
mining the Higgs couplings has to do with extracting vertices from (pseudo-)observables.
Having that in mind, the results presented below have been obtained as described be-
low 9,10,13. The Higgs total width resulting from HDECAY 14 has been modified according
to the prescription:
ΓH = ΓHD− ∑
V=W,Z
ΓHDV +Γ
Pr
4f , (1)
where ΓH is the total Higgs width, ΓHD the Higgs width obtained from HDECAY, ΓHDV stands
for the partial widths to ZZ and WW calculated with HDECAY, while ΓPr4f represents the
partial width of H→ 4f calculated with PROPHECY4F 15. The latter can be split into the
decays into ZZ, WW, and the interference,
ΓPr4f = ΓH→W∗W∗→4f +ΓH→Z∗Z∗→4f +ΓWW/ZZ−intf . (2)
Whenever V∗ appears it should be understood as follows: PROPHECY4F calculations are
consistently performed with off-shell gauge bosons and they are valid above, near and
below the gauge boson pair thresholds. For instance the definition is such that
ΓH→W∗W∗→4f = 9ΓH→νee+µνµ +12ΓH→νee+du +4ΓH→udsc . (3)
These conventions are essential in understanding every statement of the form “the H decays
to W and Z bosons . . . ”.
A complete generalisation is represented by the LHC-PO (where PO stands for pseudo-
observables) framework 16,17,18,19; the idea of POs has been formalised the first time in
the context of electroweak observables around the Z pole at the LEP time 20. A list of
LHC POs will be introduced and discussed in Sect. 7.1. Suffice to mention here that the
conditions defining POs ensure the generality of the approach and the possibility to match
it to a wide class of new physics (NP) models. In brief, POs are experimentally accessible,
well-defined from the point of view of QFT and capture all relevant effects of NP in the
absence of new (non-SM) particles close to the Higgs mass.
Another useful definition concerns the “leading order”: technically speaking leading-order
(LO) defines the order in perturbation theory where the process starts. Notice that some-
times “LO” is used to denote tree level (as opposite to loops).
Examples of LO Feynman diagrams for the Higgs boson decays are shown in Figs. 5 and 6.
The decays to W and Z bosons (see Fig. 5,a) and to fermions (see Fig. 5,b) start at tree level
whereas the H→ γγ decay starts at one loop, being generated by loops containing heavy
quark or bosons, see Fig. 6.
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Fig. 5: Examples of leading-order Feynman diagrams for Higgs boson decays (a) to W and Z bosons
and (b) to fermions (f = b,τ,µ).
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Fig. 6: Examples of leading-order Feynman diagrams for Higgs boson decays to a pair of photons.
The SM Higgs boson production cross sections and decay branching fractions have been
calculated in the recent years at high order in perturbation theory. The many calculations
have been compared and then eventually combined and summarised in Refs. 9,10,13, and
they are shown in Figs. 7. Following these calculations, additional and important progress
has been made, and many more calculations have been performed at higher order, but they
will not be reported here, since they have not been used in the analysis of the Run 1 data.
Once the mass of the Higgs boson has been measured, all its properties are fixed. The
inclusive cross sections and branching fractions for the most important production and
decay modes are summarised with their overall uncertainties in Tabs. 2 and 3 for a Higgs
boson mass of 125.09 GeV , the value of the mass measured by the ATLAS and CMS
collaboration with the Run 1 statistics 21.
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Fig. 7: Standard Model Higgs production cross sections and Branching Ratios at 8 TeV center of
mass energy
Table 2: Standard Model predictions for the Higgs boson production cross sections together with their
theoretical uncertainties as of the year 2013. The value of the Higgs boson mass is mH = 125.09 GeV
as measured by the ATLAS and CMS experiments. The predictions are from Ref. 13. The pp →
ZH cross section, calculated at NNLO in QCD, includes both the quark-initiated, i.e. qq → ZH
or qg→ ZH, and the gg→ ZH contributions. The uncertainties in the cross sections are evaluated
as the sum in quadrature of the uncertainties resulting from variations of the QCD scales, parton
distribution functions, and αs. The uncertainty in the tH cross section is calculated following the
procedure of Ref. 22. The order of the theoretical calculations for the different production processes
is also indicated in the table. In the case of bbH production, the values are given for the mixture of
five-flavour (5FS) and four-flavour (4FS) schemes as recommended in Ref. 23.
Production Cross section [pb] Order of
process
√
s= 7 TeV
√
s= 8 TeV calculation
ggF 15.0 ±1.6 19.2 ±2.0 NNLO(QCD) + NLO(EW)
VBF 1.22 ±0.03 1.58 ±0.04 NLO(QCD+EW) + approx NNLO(QCD)
WH 0.577 ±0.016 0.703 ±0.018 NNLO(QCD) + NLO(EW)
ZH 0.334 ±0.013 0.414 ±0.016 NNLO(QCD) + NLO(EW)
ggZH 0.023 ±0.007 0.032 ±0.010 NLO(QCD)
ttH 0.086 ±0.009 0.129 ±0.014 NLO(QCD)
tH 0.012 ±0.001 0.018 ±0.001 NLO(QCD)
bbH 0.156 ±0.021 0.203 ±0.028 5FS NNLO(QCD) + 4FS NLO(QCD)
Total 17.4 ±1.6 22.3 ±2.0
9Table 3: Standard Model predictions for the decay branching fractions of a Higgs boson with a mass
of 125.09 GeV 21, together with their uncertainties 13.
Decay mode Branching fraction [%]
Hbb 57.5 ±1.9
HWW 21.6 ±0.9
Hgg 8.56 ±0.86
Htt 6.30 ±0.36
Hcc 2.90 ±0.35
HZZ 2.67 ±0.11
Hγγ 0.228 ±0.011
HZγ 0.155 ±0.014
Hµµ 0.022 ±0.001
10
3. From discovery to properties
Before the 2012 discovery, the hypothesis was that the SM was the correct theory with mH
as the unknown parameter. Therefore, bounds on mH were derived through a comparison of
the SM theory with high-precision data 20. At the LHC, after the discovery, the unknown
parameters are the deviations of the measurements with respect to the SM predictions, given
that the SM is fully specified and experimentally constrainable. Of course, the definition of
SM deviations requires a characterisation of the underlying dynamics. Notice that, so far,
all the available studies on the couplings of the new resonance conclude it to be compatible
with the Higgs boson of the SM within present precision 24,25,8, and, as of yet, there is no
direct evidence for new physics phenomena beyond the SM.
Best-fit results for the production signal strengths for the combination of ATLAS and CMS
data are performed in the so-called kappa-framework. The next step will be to identify the
optimal framework for SM deviations, i.e. a theory that will replace the kappa-framework
after the experimental results will confirm a deviation.
We will introduce a few general definitions that will be relevant for understanding the
experimental results and their interpretation. Technical details will be presented in the cor-
responding sections.
The kappa-framework The kappa-framework 26 introduced to parametrise SM devia-
tions, is a procedure used at LO, partially accommodating factorisable QCD corrections
(proportional to the SM LO) but not (the non-factorizable) electroweak (EW) corrections.
It amounts to replace
LSM ({m} , {g}) with L ({m} , {κg g}) , (4)
where {m} denotes the SM masses, {g} the SM couplings and κg the scaling parameters.
This is the framework used during Run 1.
The EFT/SMEFT Exact non-perturbative solutions to quantum field theories are rarely
known and approximate solutions that expand observables perturbatively in a small cou-
pling constant and in a ratio of scales are generally developed. Such quantum field theories
can be regarded as examples of an effective field theory (EFT); the SM effective field theory
(SMEFT) is an example. The theory is defined by
L =LSM +∑
n>4
Nn
∑
i=1
ani
Λn−4
O
(d=n)
i , (5)
with arbitrary Wilson coefficients ani which, however, give the leading amplitudes in an
exactly unitary S-matrix at energies far below the scale of new physics, Λ. The theory is
(strictly) non-renormalisable, which means that an infinite number of higher dimensional
operators must be included. Nevertheless, the amplitudes can be expanded in powers of
v/Λ,E/Λ, where v is the Higgs VEV and E is the typical scale at which we measure the
process. The expansion is computable to all orders and ultraviolet divergencies can be cured
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by introducing, order-by-order, an increasing number of counter-terms. A question that is
often raised concerns the “optimal” parameterisation of the dim = 6 basis for the O(d=n)i
operators; all sets of gauge invariant, dimension d operators, none of which is redundant,
form a basis and all bases are equivalent. For a formal definition of redundancy see Sect. 3
of Ref. 27.
The rationale for constructing the SMEFT, i.e. an effective S-matrix Seff(Λ) , ∀Λ< ∞, has
been described in Ref. 28; the main assumption is that there is no fundamental scale above
which Seff(Λ) is not defined 29. Of course, Seff(Λ) loses its predictive power if a process
at E = Λ requires an infinite number of renormalized parameters 30. The basis for NLO
calculus of the SMEFT theory has been developed in Ref. 31 and in Refs. 32,33, see also
Ref. 34.
When we compare SMEFT with kappa framework, it is worth noting that, even for QCD,
there are contributions which induce sizeable corrections unrelated to the SM ones 35.
When considering the H→ bb decay, there are QCD corrections multiplying the SMEFT-
modified amplitude which alter the vertex at LO but remain proportional to the SM ones, so
NLO results can be obtained through a simple rescaling of the LO decay rate (i.e. equivalent
to kappa framework). On the other hand, there are contributions which alter the LO vertex
and induce sizeable corrections which are unrelated to the SM ones and cannot be easily
anticipated.
We can conclude that, due to the absence of tantalising hints for new physics during Run 1
at LHC, the extension of the Higgs sector by dimension-six operators will provide a new
standard for searches of non-resonant manifestations of the SM.
Phenomenological Lagrangians Any phenomenological approach, e.g. an extension of
the SM Lagrangian with a limited number of interactions (like HVV and Hff), is a rea-
sonable starting point to describe limits on SM deviations. While this outcome is much
less desirable than dealing with a consistent SMEFT, it is important to recognise that the
difference relates to the possibility of including an estimate of the uncertainties induced by
the truncation of the expansion. However, one has to mention that Monte Carlo tools are
already available for phenomenological studies 36,37,38.
Pseudo Observables (POs) are a platform between realistic observables and theory pa-
rameters, allowing experimentalists and theorists to meet half way, without theorists having
to run full simulation and reconstruction and experimentalists fully unfolding to model-
dependent parameter spaces. Experimenters collapse some “primordial quantities” (say
number of observed events in some pre-defined set-up) into some “secondary quantities”
which we feel closer to the theoretical description of the phenomena. In other words, POs
answer the question “how to store measurements in order to preserve them for a long time?”
Indeed, the original kappa framework cannot explain many SM deviations, and Wilson co-
efficients in any EFT description are deeply rooted in a theoretical framework. Fiducial
cross sections can be performed for a lot of bins. There is the need to extend the kappa
parameters to something in between: theorists may refine their calculations and interpret
12
them against POs; if SM predictions improve experimentalist may redo POs a.
To summarize, we can say that
- in the kappa framework, SM deviations are a simple rescaling of couplings and
there are no new Lorentz structures; Higgs coupling fits are based on total rates.
- In the SMEFT there are new kinematical/Lorentz structures;
- phenomenological Lagrangians contain a subset of the interactions present in the
SMEFT.
4. Analysis of the measurements
4.1. The final states
The following analyses have been performed in the ATLAS and CMS experiments to first
discover and then to measure the Higgs boson properties:
H→ ZZ→ 4l H→ γγ
H→WW→ lνlν H→ ττ+
H→ bb H in association with tt
The H→ µ−µ+ search has been also pursued in the experiments.
H→ ZZ→ 4l 39,40 The signature for this final state is made of 4 electrons, or 4 muons,
or 2 electrons and 2 muons of high pT, isolated and coming from the primary vertex. The
signal is reconstructed as a very narrow peak on top of a smooth background, composed
by an irreducible part coming from the production of two non resonant Z bosons, and a
reducible part from Z+ jets and tt events, where jets are originating from heavy quarks,
and thus could contain leptons, or are mis-identified as leptons.
The cross section of this process is tiny due to the small branching ratio of H→ ZZ and
even smaller branching ratios of Z→ l+l−, thus the analysis has to conserve the highest
efficiency. The lepton identification and the lepton reconstruction are extremely pure and
of high resolution, allowing to reach a mH resolution of 1−2%.
Events within this channel are categorised as VBF-produced if there are 2 hight pT jets, or
as VH produced if there are additional leptons or V bosons, otherwise ggF produced.
H→ γγ 41,42 The signature for this final state is made by 2 energetic and isolated pho-
tons, that cluster in a narrow mass peak on top of a steeply falling spectrum. The back-
ground is composed mainly by an irreducible component from QCD production of 2 pho-
tons events and by a smaller contribution coming from γ+ jets events, where a jet has
a A first public tool for POs is available at www.physik.uzh.ch/data/HiggsPO.
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been mis-identified as a photon. A good fit and a good understanding of the shape of the
background allow the analysis to be data-driven and not to rely on a perfect Monte Carlo
simulation.
The analysis is very similar in the two experiments: the events are divided into categories
of different expected signal-to-background ratio and on the presence or not of 2 jets of high
invariant mass and high rapidity to select events produced through the Vector Boson Fusion
(VBF) process. The candidate invariant mass is reconstructed with very good resolution of
1−2%.
H→WW→ lνlν 43,44,45 This is the channel with the highest cross-section. The mass
reconstruction is not possible due to the presence of 2 neutrinos, and thus the background
is hard to suppress and the signal has to be extracted from differences in shapes and from
event counting. The 2 leptons are expected to have high pT and small opening angle to
conserve the V-A structure of the theory. The events have large missing transverse energy
due to the presence of two high pT neutrinos. The analysis is performed on exclusive jet
multiplicity (0, 1, 2-jet) and considering also the presence of additional leptons, thus event
categories can separate the different production modes.
The large background is studied in detail and all the components are estimated with data,
after having obtained an enriched sample of that specific component. The Drell-Yan back-
ground is suppressed by cuts on the invariant mass of the 2 leptons, Mll , and on the trans-
verse missing energy, MET. Particular care has to be given to the MET since it is affected
by the pile-up. The W+ jets background (with one jet faking a lepton) is mitigated by a
very pure and efficient ID. Background coming from top events is suppressed by the b-tag
veto, or rejecting events with additional soft leptons. To partially subtract the irreducible
WW background the Mll , MT (the lepton-neutrino transverse mass) and ∆(φ) (the angle
between the 2 charged leptons) distributions are used.
H→ τ−τ+ 46,47 The final state with two taus suffers from a low efficiency due to the
relatively low pT of the leptons coming from the τ decay, from the presence of at least
2 neutrinos from the decay and from the low τ−τ+ invariant mass resolution. The events
are subdivided into jets categories: the 0-jet (that in CMS is used only to constrain the
background), the 1-jet category, subsequently divided into a low pT and a high pT category,
and the 2-jet categories targeting the VBF production mode. Thus the VBF, the VH and the
ggF production modes can be separated. All the final states for the tau decays are considered
in ATLAS, and a large fraction is analysed in CMS. The mass resolution is around 10−20%.
H→ bb 48,49 Due to huge background from bb QCD events, and due to the poor reso-
lution of the b−b invariant mass (of the order of 10%) the ggF production mode in this
final state cannot be considered inclusively. Thus the production mode with the highest
signal-over-background is the VH one. In CMS a search of the Higgs boson decaying to bb
produced in VBF has been carried out in Ref. 50, but the results have not been considered
for the coupling analysis that will be presented in this review. Final states with zero addi-
tional leptons target the ZH→ ννbb decay, with one high pT lepton the WH→ lνbb decay
14
and with two high pT leptons the ZH→ llbb decay.
H produced in association with tt 51,52,53,54,55 The final state with two top quark and
a Higgs has a very small cross section, a broad spectrum of final states and as well as for the
previous channel, a very large background. The final states with some clean signatures that
help in separating the signal from the background are the following: the Higgs decaying
into photons accompanied by 2 top quark signatures, and the Higgs decaying into WW,
ZZ and ττ+, where final states with many leptons are selected. Although the cross section
is not large enough to expect a significant observation, the measurements even with very
large uncertainties play an important role in the Higgs boson coupling extraction.
H→ µ−µ+ 56,57 The search of the Higgs to µµ has been carried out in both experiments.
Since the branching fraction in the Standard Model is very small, observing a signal would
have been a hint for new physics. Upper limits have been set by both experiments.
5. The original kappa-framework
The original kappa-framework (OKF) has been introduced in Ref. 26 as a way to study de-
viations from the SM. To discuss the idea in general terms we consider a process involving
the Higgs boson, e.g. H→ γγ; the SM amplitude starts at one loop comprising fermion and
bosonic contributions, i.e.
ASMH→γγ = A
t
H→γγ +A
b
H→γγ +A
bos
H→γγ , (6)
where light fermions have been discarded. Each contribution is gauge parameter indepen-
dent and proportional to the corresponding Higgs coupling. The idea is to modify Eq.(6)
with ad hoc kappa parameters,
AκH→γγ = κt A
t
H→γγ +κb A
b
H→γγ +κV A
bos
H→γγ , (7)
and study their deviation from one. The formalism is simple but suffers of problems of con-
sistency. Indeed, in a spontaneously broken gauge theory, masses and Yukawa couplings
are not independent quantities. This fact is usually forgotten when dealing with massless
fermions, typically in computing QCD corrections, but is the source of serious inconsisten-
cies when higher-order EW corrections are included; altering the relation between masses
and Yukawa couplings spoils the gauge invariance of the theory.
Furthermore, kinematics is not affected by the kappa parameters. Therefore the scheme
works at the level of total cross-sections, not for differential distributions. In conclusion,
the OKF is a LO construct, partially accommodating factorisable QCD corrections but not
EW ones.
Implementation of the kappa framework Having in mind Eq.(7) as an example of the
“theoretical” implementation of the OKF, we can briefly discuss how the framework is
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implemented in practice in the experimental analysis. For a given production process or
decay mode labelled by O i, a kappa parameter is defined such that
κ2i =
O i
O iSM
, (8)
giving κi = 1 in the SM. This defines O iSM as SM equipped with the best available higher-
order QCD and EW corrections, under the assumption that the dominant higher-order QCD
corrections factorise.
Contributions from interference effects between the different (gauge invariant) sub-
amplitudes provide some sensitivity to the relative signs of the Higgs boson couplings to
different particles. Therefore, additional coupling modifiers are introduced, e.g. κt,κb , κV
etc. In this way one has effective and resolved scaling factors, e.g. in gluon fusion we have
effective = κ2g , resolved = κ
2
g(κt,κb) = 1.06κ
2
t +0.01κ
2
b−0.007κt κb , (9)
where one should observe that, once again, the assumption of higher orders factorisation
has been made. The generalisation for the resolved modifier case is shown in Eq.(49).
Underlying assumptions The OKF as any other framework that aims to study SM devia-
tions is based on a certain number of additional assumptions. We consider only one Higgs
doublet in the linear representation (a flexible choice) and the scalar doublet Φ (with hyper-
charge 1/2) contains H, the custodial singlet in (2L ⊗ 2R) = 1⊕ 3. Extensions are possible
but “difficult”, e.g. the two-Higgs doublet model (THDM) where
Φ→ Φi Φi = Ri j (β )Ψ j , (10)
with the technical hurdle of a diagonalisation of the mass matrix for the CP-even scalars.
New “light” degrees of freedom are not included and decoupling from heavy ones is a
rigid assumption. To examine the consequences, consider the effect of heavy degrees of
freedom in γγ → H: to be fully general one has to consider effects due to heavy fermions
and heavy scalars in arbitrary representations, R f and Rs, of SU(3) 58. Colored scalars
decouple from the low energy physics as their mass increases; however, the same is not
true for fermions. To be more precise, besides decoupling we have other regimes: for a
given amplitude containing a particle of mass m, in the limit m→∞, we have to distinguish
three possible cases:
Decoupling: A ∼ 1/m2 (or more). The corresponding higher-order operators are
called “irrelevant” ,
Screening: A→ const (or lnm2). The operators are called “marginal” ,
Enhancement: A∼ m2 (or more). The operators are called “relevant” .
It is worth noting that whenever the LO ρ -parameter 59 is different from one, quadratic
power-like contributions to its radiative corrections, ∆ρ, are absorbed by the renormaliza-
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tion of the new parameters of the model: in this case ρ is not a measure of the custodial
symmetry breaking.
Mixing Mixing among scalars is another potential problem: absence of mass mixing of the
new heavy scalars with the SM Higgs doublet is therefore required since mixings change
the scenario.
Consider a model with two doublets and hyperchargeY = 1/2 (THDM). These doublets are
first rotated (with an angle β ) to the Georgi-Higgs basis and successively a mixing-angle
α diagonalizes the mass matrix for the CP-even states, h and H. The couplings of h to SM
particles are almost the same of a SM Higgs boson with the same mass (at LO) only if we
assume sin(β −α) = 1. Therefore, interpreting large deviations in the couplings within a
THDM should be done only after relaxing this assumption.
The interplay between integrating out heavy scalars and the SM decoupling limit has been
discussed in Ref. 60. In general, decoupling cannot be obtained in terms of only one large
scale and can only be achieved by imposing further assumptions on the couplings. Indeed,
there are two sources of deviations with respect to the SM, new couplings and modified
couplings due to VEV mixings, heavy fields. In general, it is not simple to identify only one
scale for new physics (NP); it is relatively simple in the unbroken phase using weak eigen-
states but it becomes more complicated when EW symmetry breaking (EWSB) is taken
into account and one works with the mass eigenstates. In the second case, one should also
take into account that there are relations among the parameters of the beyond-SM (BSM)
model, typically coupling constants can be expressed in terms of VEVs and masses; once
the heavy scale has been introduced also these relations should be consistently expanded.
Once again, the SM decoupling limit cannot be obtained by making only assumptions about
one parameter.
In the top-down approach there is some theory, assumed to be UV-complete or valid on a
given high energy scale (e.g. some BSM model), and the aim is to implement a system-
atic procedure for getting the low-energy theory. A typical example would be the Euler-
Heisenberg Lagrangian. Systematic low-energy expansions are able to obtain low-energy
footprints of the high energy regime of the theory. In the top-down approach the heavy
fields are integrated out of the underlying high-energy theory and the resulting effective
action is then expanded in a series of local operator terms. Even in the top-down EFT ap-
proach one has to be careful: for both tree-level and one-loop processes, the agreement
between the effective Lagrangian and a range of UV-complete models depends critically
on the appropriate definition of the matching, see Ref. 61.
Custodial symmetry Finally, let us consider custodial symmetry: it is the set of scalar
fields that break EW symmetry by developing a VEV. The problem with more VEVs, or
one VEV different from (T , Y ) = ( 12 , 1) (T is isospin and Y is hypercharge), is partially
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related to the rho-parameter which at tree-level is given by
ρLO =
1
2
∑i
[
ci | vi |2 +ri u2i
]
∑i Y 2i | vi |2
ci = Ti (Ti+1)−Y 2i ri = Ti (Ti+1) (11)
where the sum is over all Higgs fields and vi(ui) gives the VEV of a complex (real)
Higgs field with hypercharge Yi and weak-isospin Ti. The experimental limits on ρ− 1
are rather stringent. The SM Higgs potential is invariant under SO(4); furthermore,
SO(4) ∼ SU(2)L ⊗ SU(2)R and the Higgs VEV breaks it down to the diagonal subgroup
SU(2)V. It is an approximate symmetry since theU(1)Y is a subgroup of SU(2)R and only
that subgroup is gauged. Furthermore, the Yukawa interactions are only invariant under
SU(2)L ⊗ U(1)Y and not under SU(2)L ⊗ SU(2)R and therefore not under the custodial
subgroup. Therefore, if we require a new CP-even scalar, which is also in a custodial rep-
resentation of the group, the W/Z -bosons can only couple to a singlet or a 5-plet 62.
If (NL , NR) denotes a representation of SU(2)L ⊗ SU(2)R we see that the usual Higgs dou-
blet scalar is a (2 , 2¯), while the (3 , 3¯)= 1⊕ 3⊕ 5 contains the Higgs-Kibble ghosts (the 3),
a real triplet (with Y = 2) and a complex triplet (with Y = 0). The Georgi-Machacek model,
Ref. 63 has EWSB from both a (2 , 2¯) and a (3 , 3¯). Custodial symmetry is a statement on
the ρ parameter but translation to SVV couplings requires care: when a single source of
EWSB is present, custodial symmetry implies
gS0WW
gS0ZZ
=
M2W
M2Z
. In general
gSWW
gSZZ
= λ
M2W
M2Z
, e.g.
λ =−1/2 for a 5-plet (already excluded).
6. Results from Run I
In this Section we discuss results from Run 1, including the measurement of the Higgs
mass, constraints on the Higgs width, pole observables and off-shell (tail) observables.
The results presented here have been published by ATLAS and CMS, and then combined
together in Refs. 25,64,24,21,8.
6.1. The measurement of the mass
The most important parameter of a particle is its mass, although the definition of mass and
width for an unstable particle requires particular care and is not unique. Here we discuss
on-shell quantities.
In any theory the parameters of the Lagrangian cannot be predicted but have to be related
to quantities measured experimentally, the so-called input parameter set (IPS). In the SM,
once the Higgs boson mass (the “on-shell” mass) is known, the IPS is complete and all
properties of the particle can be computed with high precision.
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The mass can be measured with very high precision from the H→ZZ b and H→ γγ decays,
since muons, electrons and photons are reconstructed with high precision, see Refs. 64,25.
The energy scale, the momentum scale and resolution of muons, electrons and photons are
excellent in both the experiments. Well-known particles like the Z,Υ, J/ψ→ 2l are used to
calibrate the detectors. The decay Z→ 4l is used to validate the procedure. The systematic
uncertainty is of ±0.1%/± 0.3% for the muon/electron momentum scale in CMS, and
±0.3%/±0.1% for for the muon/electron momentum scale in ATLAS. In CMS the mass
measurement is performed with a 3D fit using four-lepton invariant mass m4l , associated
per-event mass uncertainty δm4l , kinematic discriminant KD, see Ref. 40.
The invariant mass from the di-photon system is given by:
mγγ = 2×Eγ1 Eγ2 (1− cos(θ12)) , (12)
thus not only the energy of the photons has to be measured with high precision, but also
their directions. The determination of the primary vertex is thus affecting the precision of
θ12. In ATLAS, a likelihood discriminant has been developed combining the information
on the axis of the shower from the calorimeter, photon conversion, and track recoil. In
CMS two Boosted Decision Tree (BDT) have been developed using all the information of
the event and then carefully calibrated and cross-checked with Z→ e−e+ events.
The photon energy calibration is the dominant systematic in the mass reconstruction. The
energy scale is determined using Z→ e−e+ events, then a correction is applied to account
for the e→ γ difference and subsequently an extrapolation is performed in order to move
from the energy scale of the Z to the energy scale of the H. In summary, the systematic
uncertainties in the mass measurement from the γγ channel are due to the knowledge of the
material in front of the electromagnetic calorimeter, the non-linearity of the calorimeter,
the calibration of the detector, and the differences between electron and photons.
In Fig. 8 the summary of Higgs boson mass measurements from the individual analyses
of ATLAS and CMS 64,25 and from the combined analysis are presented 21. The system-
atic uncertainties (narrower, magenta-shaded bands), the statistical uncertainties (wider,
yellow-shaded bands), and total uncertainties (black error bars) are indicated. The (red)
vertical line and corresponding (gray) shaded column indicate the central value and the to-
tal uncertainty of the combined measurement, respectively. In Fig. 9 the scans of twice the
negative log-likelihood ratio 2lnΛ(mH) as a function of the Higgs boson mass mH for the
ATLAS and CMS combination of the H→ γγ (red), H→ ZZ→ 4l (blue), and combined
(black) channels are shown. The dashed curves show the results accounting for statistical
uncertainties only, with all nuisance parameters associated with systematic uncertainties
fixed to their best-fit values. The 1 and 2 standard deviation intervals are indicated by the
intersections of the horizontal lines at 1 and 4, respectively, with the log-likelihood scan
curves. In Fig. 10 the systematic uncertainties are shown for the measurement in ATLAS,
in CMS, and their combination. The mass of the Higgs boson as measured from the first
bWith the usual caveats in the interpretation of this decay mode.
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l 4CMS+ATLAS  0.15) GeV± 0.37 ± 0.40 ( ±125.15 
γγ CMS+ATLAS  0.14) GeV± 0.25 ± 0.29 ( ±125.07 
l4→ZZ→H CMS  0.17) GeV± 0.42 ± 0.45 ( ±125.59 
l4→ZZ→H ATLAS  0.04) GeV± 0.52 ± 0.52 ( ±124.51 
γγ→H CMS  0.15) GeV± 0.31 ± 0.34 ( ±124.70 
γγ→H ATLAS  0.27) GeV± 0.43 ± 0.51 ( ±126.02 
Fig. 8: Summary of Higgs boson mass measurements from the individual analyses of ATLAS and
CMS and from the combination. The figure is from Ref. 8.
run at LHC at 7 and 8 TeV center of mass energy is:
mH = 125.09±0.24 GeV = 125.09±0.21(stat)±0.11(syst) GeV , (13)
where the total uncertainty is dominated by the statistical term, with the systematic un-
certainty dominated by the non linearity of the electromagnetic calorimeter and by the
knowledge of the material in front of them and by the lepton energy/momentum scale
uncertainty. Compatibility tests are performed to ascertain whether the measurements are
consistent with each other, both between the different decay channels and between the two
experiments. All tests on the combined results indicate consistency of the different mea-
surements within 1σ , while the four Higgs boson mass measurements in the two channels
of the two experiments agree within 1.3σ .
6.2. On-shell results
The results presented in this section are a selected summary of the combined analysis of
the ATLAS and CMS Higgs boson data, as published in Ref. 8
6.3. The measurement of µ
The signal strengths µ fi are defined as the ratios of cross sections and branching fractions
to the corresponding SM predictions such that:
µ fi =
σi ·BR f
(σi)SM · (BR f )SM = µi×µ
f , (14)
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Fig. 9: The scans of twice the negative log-likelihood ratio 2qlnΛ(mH) as a function of the Higgs
boson mass mH for the ATLAS and CMS combination of the H→ γγ (red), H→ ZZ→ 4l (blue), and
combined (black) channels. The figure is from Ref. 8
where the subscript i and superscript f indicate the production mode and decay channel,
respectively. By definition all µ fi are equal to 1 for the SM Higgs boson.
The simplest and most restrictive signal strength parameterisation is to assume that the µi
and the µ f values are the same for all production processes and decay channels. In this
case, the SM predictions of signal yields in all categories are scaled by a global signal
strength µ . Such a parameterisation, a very special case of the kappa-framework described
in Sect. 5, provides the simplest test of the compatibility of the experimental data with the
SM predictions.
A fit to the combined ATLAS and CMS data at ECM = 7,8 TeV , with µ as the parameter
of interest, results in the best-fit value:
µ = 1.09+0.11−0.10 = 1.09±0.07(stat)±0.04(expt)±0.03(th-bkgd)+0.07−0.06(th-sig), (15)
where the breakdown of the uncertainties into their four main components is done as de-
scribed in the following:
• uncertainties, labelled as “stat”, are statistical in nature. These include in particular
the statistical uncertainties on background control regions and fit parameters used
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Fig. 10: Systematic uncertainties on the mass for the ATLAS (left), CMS (center), and combined
(right). The observed (expected) results are shown by the solid (empty) bars. The figure is from
Ref. 8
to parameterise the backgrounds measured from data;
• theory uncertainties affecting the Higgs boson signal, labelled as "th-sig";
• theory uncertainties affecting background processes only, labelled as "th-bkgd";
• all other experimental uncertainties, labelled as "expt", including those related to
the finite size of the MC simulation samples.
The overall systematic uncertainty of +0.09 ,−0.08 is larger than the statistical uncertainty
and its largest component is the theoretical uncertainty on the ggF cross section. This result
is consistent with the SM expectation of µ = 1 within less than 1σ and the p-value of the
compatibility between the data and the SM prediction is 34%.
As a further step we can measure signal strengths for the different production modes and
decays modes. The production processes can be divided into two subgroups: the production
via strong interactions as in Fig. 1 (a) and Fig. 3 (a) where the coupling is a fermion cou-
pling, or the production via EW production where the coupling is a vector boson coupling
as in Fig. 1 (b) or Fig. 2 (b).
In the experiments, in order to disentangle production mechanisms, activities in the candi-
dates events are analysed:
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• the associated production with a Z or a W is identified if high pT leptons, or large
missing transverse energy, or low-mass dijets are present and compatible with a
electroweak boson in association with a candidate H boson;
• the vector boson production (VBF) is identified if two high pT jets with high in-
variant mass and large pseudo-rapidity separation are present in the event together
with the Higgs candidate.
• the production in association with two top quarks is identified if two top quarks
are reconstructed, thus if leptons, large missing transverse energy, multi-jets or
b -tagged jets are present in the event and compatible with a top quark decay.
• finally, all the other remaining Higgs candidate events are mostly produced by the
gluon-gluon fusion production process.
These differences can be exploited using advanced techniques to enhance the separation
between processes, like Boosted Decision Trees.
An interesting result is given by the plot of the signal strength for the “strong production”
modes as a function of the signal strength for the "electroweak production" mode, as shown
in Fig. 11. Alternatively we can plot the individual signal strengths for each production
mode and by decay process: Fig. 12 and Fig. 13. From these figures we can draw the
following conclusions:
• the ggF production process is well established,
• there is clear observation of the VBF production mode; the µ value is 5.4σ larger
than zero.
• there are indications of the existence of WH and ZH production modes; when
combining them together we reach more than 3σ evidence.
• there is not yet sensitivity to the ttH production mode.
Furthermore, we observe that
• the H→ ZZ, H→WW, H→ γγ production modes are well established
• the H→ ττ decay mode is observed with more than 5σ significance when com-
bining the results of the two experiments.
• there is not yet evidence for the H→ bb decay mode.
6.4. The couplings
As a subsequent step we want to disentangle production and decay processes to measure
the individual vertices to test the SM and search for new physics. We are not measuring
couplings directly, but their ratio with the SM predictions, i.e. the κ parameters as explained
in Sect. 5. We will consider the vertices of Fig. 5 and Fig. 6.
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Fig. 11: Negative log-likelihood contours at 68% CL in the (µggF+tt ,µVBF+VH ) plane for the combi-
nation of ATLAS and CMS, for each of the final state analysed H→ ZZ, H→WW, H→ γγ , H→ ττ,
H→ bb, and their combination. The SM expectation is also shown as a black star. The figure is from
Ref. 8.
Custodial Symmetry in the kappa framework As explained in Sect. 5 one of the first
important tests of the SM is to validate the Custodial Symmetry. The parameter
ρ =M2W/M
2
Z · cos2θW (16)
is 1 at tree level. At LEP the experiments have measured: ρ = 1.005±0.001, i.e. 5 sigma
away from 1, but in perfect agreement with the theoretical value of ρ = 1+ ∆ρ when
radiative corrections are correctly taken into account. Measuring the W to Z coupling ratio
from H decays, means deriving the ratio between boson masses, thus ρ; it will tell us if
the object produced is a (minimal) SM-Higgs boson like. In the κ framework we measure
λWZ = κW/κZ that is expected to be 1 in the SM. The result is shown in Fig. 14 and it is
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Fig. 12: Best fit results for the production signal strengths for the combination of ATLAS and CMS
data. Also shown are the results from each experiment. The error bars indicate the 1σ (thick lines)
and 2σ (thin lines) intervals. The measurements of the global signal strength µ are also shown. The
figure is from Ref. 8.
λWZ = 0.89+0.10−0.09, i.e. consistent with one within 1σ . Thus we can, from now on, assume
κW = κZ .
Vector and fermion Higgs couplings in the kappa framework. The further step is to
assume that all fermion couplings scale as κf while all vector boson couplings scale as
κV . The result is shown in Fig. 15. The figures shows the 5 different final states and their
combination. The shapes of the various contours can be easily understood by writing the
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Fig. 13: Best fit results for the decay signal strengths for the combination of ATLAS and CMS data.
Also shown are the results from each experiment. The error bars indicate the 1σ (thick lines) and 2σ
(thin lines) intervals. The figure is from Ref. 8.
cross-section formula as a function of κf and κV .
(σ ×BR)(ii→H,H→ j j) = σii×Γ j j/ΓH = σSM(ii→ H)×BR(H→ j j)×κi ·κ j/κH (17)
In the denominator we have the width of the Higgs, that for a Higgs of 125 GeV is domi-
nated by the bb decay channel, i.e. by κf . If the production mode is ggF then the initial state
is contributing with κf , while if the production is via VBF or VH, in the equation there will
be a κV in the numerator. As an example: the HZZ channel is dominated by the ggF pro-
duction mode, thus it will behave as κfκV/κf , thus it will depend on κV . In H→ γγ the H
boson does not couple directly to the photon, but via the diagrams of Fig. 6; it will behave
as κi× (8.6κV−1.8κf)/κf , where i = f for ggF and i = V for VBF. Thus the behaviour of
the red region in the plot.
Model with 9 parameters. As a subsequent step, the individual couplings, actually the
strength modifier κ for each of the couplings, can be extracted. The rate of the Higgs boson
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Fig. 14: Observed (solid line) and expected (dashed line) negative log-likelihood scans for λWZ .
All the other parameters of interest from the list in the legend are also varied in the minimisation
procedure. The red (green) horizontal lines at the −2lnΛ value of 1(4) indicate the value of the
profile likelihood ratio corresponding to a 1σ (2σ ) CL interval. The figure is from Ref. 8.
production is inversely proportional to the Higgs boson width, which is sensitive to invisible
or undetected Higgs boson decays predicted by many BSM theories. To directly measure
the individual coupling modifiers, an assumption on the Higgs boson width is necessary.
Two scenarios are considered: the first one assumes that the Higgs boson does not have
any BSM decays, BRBSM = 0, while the second one leaves BRBSM free, but assumes
κW ≤ 1, κZ ≤ 1 (i.e. κV ≤ 1) and BRBSM ≥ 0. Notice that these latter constraints are
compatible with a wide range of BSM physics models. BSM physics can also contribute in
the loop-induced processes for the gg→H production and and H→ γγ decay. A dedicated
measurement of these two processes will also be presented. BSM physics will also appear
as a deviation from 1 of the individual coupling modifiers κi. The parameters of interest of
the fits to the data are thus the seven independent coupling modifiers: γ , g, Z, W, b, t, and
τ, i.e. one for each SM particle involved in the production processes and decay channels
studied, plus BRBSM in the case of the second fit.
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Fig. 15: Negative log-likelihood contours at 68% CL in the (κf ,κV) plane for the combination of
ATLAS and CMS and for the individual decay channels as well as for their global combination,
assuming that all coupling modifiers are positive. The figure is from Ref. 8.
In Fig. 16, the fit results for the two parameterisations: the first one for BRBSM ≥ 0 and
κV ≤ 1, and the second one for BRBSM = 0. The measured results for the combination of
ATLAS and CMS are reported together with their uncertainties, as well as the individual
results from each experiment. The error bars indicate the 1σ and 2σ (thin lines) intervals.
The gluon and photon loops. A scenario were new heavy particles contribute to loop-
induced processes in Higgs boson production or decay, and all the couplings to SM particles
are the same as in the SM, and thus BRBSM = 0, could be tested. In this case only the
gluon-gluon production and decay loops in the H→ γγ could be affected by the presence
of additional particles. The results of this fit, in which only the effective coupling modifiers
κγ and κg are the free parameters, and with all the other coupling modifiers fixed to their
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Fig. 16: The fit results for two parameterisations: the first one for BRBSM ≥0 and κV ≤ 1, and the sec-
ond one for BRBSM= 0. The measured results for the combination of ATLAS and CMS are reported
together with their uncertainties, as well as the individual results from each experiment. The error
bars indicate the 1σ and 2σ (thin lines) intervals. The hatched areas show the non-allowed regions
for the κt parameter, which is assumed to be positive without loss of generality. The figure is from
Ref. 8.
SM value of unity, is shown in Fig. 17. The point (κγ= 1,κg=1) lies within the 68% CL
contour and the p-value of the compatibility between the data and the SM predictions is
82%.
Model with 6 parameters. Given that the effective coupling modifiers κg and κγ are mea-
sured to be consistent with the SM expectations, we assume in the following that there are
no new particles in these loops. The SM relations for the loops are used with their respec-
tive coupling modifiers. This leads to a parameterisation with six free coupling modifiers:
W, Z, t, b, τ and µ. The results of the H→ µµ analysis are included for this specific case.
In this more constrained fit, it is also assumed that BRBSM = 0. Fig. 18 shows the results of
the fit for the combination of ATLAS and CMS and separately for each experiment. From
the comparison of these results with those of the fitted decay signal strengths of Fig. 13 it
is evident that the 6 parameters fit results in lower values of the coupling modifiers than
the SM expectation. This is a consequence of the low value of κb , as measured by the ex-
periments. A low value of κb reduces the total Higgs boson width through the dominant
H→ bb partial decay width, and, as a consequence, the measured values of all the coupling
modifiers are reduced.
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Fig. 17: Negative log-likelihood contours at 68% and 95% CL in the (κγ ,κg) plane for the combination
of ATLAS and CMS and for each experiment separately, as obtained from the fit to the parameterisa-
tion constraining all the other coupling modifiers to their SM values and assuming BRBSM = 0. The
figure is from Ref. 8.
Lepton vs quark, up-fermion vs down-fermion. Models of new physics beyond the SM
(as the THDM or MSSM) predict differences in the coupling modifications for up-type
fermions versus down-type fermions or for leptons versus quarks. The parameter of interest
are λdu = κd/κu , for the up- and down-type fermion symmetry test, and λlq = κl/κq for the
lepton and quark symmetry test.
The combined experimental result for the up and down quark symmetry test is: λdu =
0.91+0.12−0.11, where the down-type fermion couplings are mainly probed by the H→ bb and
H→ ττ decays.
The combined experimental result for the lepton and quark symmetry test is: λlq =
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Fig. 18: Best fit values of parameters for the combination of ATLAS and CMS , and separately for
each experiment, for the parameterisation assuming the absence of BSM particles in the loops. The
hatched area indicates the non-allowed region for the parameter that is assumed to be positive without
loss of generality. The error bars indicate the 1σ (thick lines) and 2σ (thin lines) intervals. For the
parameters with no sensitivity to the sign, only the absolute values are shown. The figure is from
Ref. 8.
1.06+0.15−0.14, where the quark couplings are mainly probed by the ggF process, the H→ γγ
and H→ bb decays, and to a lesser extent by the ttH process; while the lepton couplings
are probed by the H→ ττ decays. The results are expected to be insensitive to the relative
sign of the couplings because there is no sizeable lepton-quark interference in any of the
relevant Higgs boson production and decay processes.
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6.5. Ratios of cross sections and branching ratios
The measured Higgs boson rates are sensitive to the product of the cross sections times the
branching ratios. Thus, from the measurements of the rate of a single process, the cross sec-
tions and decay branching ratios cannot be separately determined in a model-independent
way. Using more processes, ratios of cross sections and branching ratios can be extracted,
from a combined fit to the data. This could be achieved by normalising the yield of any
specific channel i→ H→ f to the reference process gg→ H→ ZZ. This channel has been
chosen by the experiments because the combined value for σ(gg → H → ZZ) has the
smallest systematic and one of the smallest overall uncertainties.
Expressing the measurements through ratios of cross sections and branching ratios has the
advantage that the ratios are independent of the theoretical predictions on the inclusive
production cross sections and decay branching ratios of the Higgs boson. In particular,
they are not subject to the dominant signal theoretical uncertainties on the inclusive cross
sections for the various production processes. The remaining theoretical uncertainties are
the ones due to the acceptances and selection efficiencies in the various categories, for
which SM Higgs boson production and decay kinematics are assumed in the simulations.
The product of the cross section and the branching ratio of i→H→ f can then be expressed
using the ratios as:
σi ·BRf = σ(gg→ H→ ZZ)×
(
σi
σggF
)
×
(
BRf
BRZZ
)
, (18)
where σ(gg→ H→ ZZ) = σggF ·BRZZ and the narrow width approximation is assumed.
Since the cross section σ(gg → H → ZZ) is constraining the normalisation, the ratios
in Eq. 18 can be determined separately, based on the five production processes (ggF, VBF,
WH, ZH, and ttH) and five decay modes (HZZ, HWW, Hγγ , Htt, and Hbb). The com-
bined fit results is presented as a function of nine parameters of interest: the reference
cross section times branching ratio, σ(gg→ H→ ZZ), four ratios of production cross sec-
tions, σi/σggF , and four ratios of branching ratios, BRf/BRZZ , as shown in Fig. 19. In this
figure the fit results are normalised to the SM predictions for the various parameters and
the shaded bands indicate the theory uncertainties on these predictions. The theory uncer-
tainties on the ratios of branching ratios are very small, and therefore almost not visible.
The combination of 7 and 8 TeV data is carried out under the assumption that the ratios
of the production cross sections with respect to the SM predictions are the same at
√
s= 7
and 8 TeV .
The total relative uncertainty on σ(gg→H→ ZZ) is approximately 19%, where the dom-
inant contribution is the statistical one. The total relative systematic uncertainty is ∼ 4%.
The ratio of cross sections σVBF/σggF and the ratios BRWW/BRZZ and BRγγ/BRZZ are
measured with a relative uncertainty of approximately 30%, while the BRττ/BRZZ ratio is
measured with a relative accuracy of approximately 40%.
The p-value of the compatibility between the data and the SM predictions is 16%. The
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Fig. 19: Best-fit values of the σ(gg→ H→ ZZ) cross section and of ratios of cross sections and
branching ratios, as obtained from the generic parameterisation described in the text for the combina-
tion of ATLAS and CMS measurements and for each experiment individually. The error bars indicate
the 1σ (thick lines) and 2σ (thin lines) intervals. In this figure, the fit results are normalised to the
SM predictions for the various parameters and the shaded bands indicate the theory uncertainties on
these predictions. The figure is from Ref. 8.
most precise measurements are all consistent with the SM predictions within less than
2σ . The production cross-section ratio σttH/σggF relative to the SM ratio, is measured
to be 3.3+1.0−0.9, corresponding to an excess compared to the SM prediction of approximately
2.3σ . This excess is mainly due to the multi-lepton categories. The ratio of branching ratios
BRbb/BRZZ relative to the SM ratio is measured to be 0.19+0.21−0.12. In this parameterisation,
33
the high values found for the production cross-section ratios for the ZH and ttH processes
induce a low value for the Hbb decay branching ratio because the Hbb decay channel does
not contribute to the observed excesses. The result is an overall deficit compared to the
SM prediction of approximately 2.5σ .
6.6. A summary plot
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Fig. 20: Fit results as a function of the particle mass in the case of the parameterisation with reduced
coupling modifiers yV,i for the weak vector bosons, and y f ,i for the fermions, as explained in the text,
for the combination of ATLAS and CMS. The dashed line indicates the predicted dependence on the
particle mass for the SM Higgs boson. The solid (red) line indicates the best fit result to the [M,ε]
phenomenological model of Ref. 65 with the corresponding 68% and 95% CL bands in green and
yellow. The figure is from Ref. 8.
The relation between the coupling modifiers and the SM predictions can be presented as a
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function of the mass of the particles to which the H boson is coupling. The coupling of the
Higgs to vector bosons of mass mV when expressed as a function on κV is:
yV,i =
√
κV,i
gV,i
2ν
=
√
κV,i
mV,i
ν
(19)
where gV,i is the absolute Higgs boson coupling strength and ν = 246 GeV is the vacuum
expectation value of the Higgs field.
The coupling of the Higgs to the fermions of mass mf when express as a function on κf is:
y f ,i = κf,i
gf,i√
2
= κf,i
mf,i
ν
. (20)
The linear scaling of the reduced coupling modifiers as a function of the particle masses is
shown in Fig. 20 and indicates the consistency of the measurements with the SM.
6.7. Theoretical perspectives
In the previous Section different variants of the original kappa-framework have been pre-
sented and discussed in relation to experimental data. Here we briefly summarise theoretical
perspectives on improving the experimental strategy.
One possibility to go beyond the kappa framework is represented by the SM effective field
theory: SMEFT will be described in details in Section 7 and it is based on the Lagrangian
of Eq.(44), which is the SM Lagrangian with the addition of dim = 6 operators.
Several (theoretical) analyses have been performed with the available Run 1 data, as sum-
marised in Ref. 66, see also Refs. 67,68,69. These analyses always use a subset of the full
set of dim = 6, gauge invariant operators (e.g. the so-called “Warsaw” basis) and show a
good agreement, with differences due to different sets of assumptions. The results can be
summarised by saying that current measurements show good agreement with the SM hy-
pothesis. In practice, the predicted number of events for a given final state F is obtained
as
Nth = σ (H+X)×BR(H→ YY)×BR(X ,Y→ F)×L . (21)
The “number of events” is
Nev = Nth εp εd , (22)
where εp,d are the efficiencies to measure production and decay and L is the luminosity.
Theoretical uncertainties for production and decay channels are shown in Tab. 4 while
the order of available calculations is given in Tab. 2. In Tab. 4 (differently from Tab. 2 as
used by the experimental analyses) the uncertainty is given by the linear sum of the QCD
scale variation and of the PDF uncertainty as presented in Refs. 9,10. Extrapolating to
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Table 4: Theoretical uncertainties for production and decay channels in %
Production Decay
pp→ H 14.7 H→ bb 6.1
pp→ H+ j 15 H→ γγ 5.4
pp→ H+2j 15 H→ τ+τ− 2.8
pp→ H Z 5.1 H→ 4l 4.8
pp→ H W 3.7 H→ 2l 2ν 4.8
pp→ ttH 12 H→ Zγ 9.4
H→ µ+µ− 2.8
13 TeV a major improvement is expected, in particular when differential distributions will
be included.
Global constraints of the SMEFT have been developed in Ref. 70, with results that show
how the SMEFT theory uncertainties should not be neglected in future fits, see also Ref. 71.
Preliminary results of a Bayesian fit to the Wilson coefficients using data on EW precision
observables and Higgs boson signal strengths have been presented in Ref. 72.
Ref. 73 deals with Higgs production through weak boson fusion with subsequent decay to
bottom quarks. By combining jet substructure techniques and matrix element methods in
different limits the authors motivate this channel as a probe of the bottom-Yukawa interac-
tions in the boosted regime.
The possibility to separate, in gluon fusion, loop-induced Higgs boson production from
point-like production has been examined in Ref. 74. The Higgs boson is reconstructed
in the Hγγ final state at very large transverse momentum. Using the Higgs boson yields
(normalised to the overall rate) and the shape of the Higgs boson pT distribution, the two
hypotheses can be separated with 2 standard deviations with an integrated luminosity of
about 500 f b−1. The largest experimental uncertainty affecting this estimate is the back-
ground event yield. The theoretical uncertainties from missing top mass effects are large,
but can be decreased with dedicated calculations.
For the measured Higgs boson mass of 125 GeV the limit of heavy top quarks provides a
reliable approximation as long as the relative QCD corrections are scaled with the full mass-
dependent LO cross section. In this limit the Higgs coupling to gluons can be described by
an effective Lagrangian. The same approach has been applied to the coupling of more than
one Higgs boson to gluons 75, deriving the effective Lagrangian for multi-Higgs couplings
to gluons up to N4LO thus extending previous results for more than one Higgs boson.
The authors of Ref. 76 have examined the constraints on the trilinear Higgs coupling that
originate from associated and vector boson fusion Higgs production in the context of the
SMEFT, showing that future LHC runs may be able to probe modifications of the coupling
with a sensitivity similar to the one that is expected to arise from determinations of double-
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Higgs production.
The authors of Ref. 77 have proposed a method to determine the trilinear Higgs self cou-
pling that is alternative to the direct measurement of Higgs pair production total cross sec-
tions and differential distributions. The method relies on the effects that electroweak loops
featuring an anomalous trilinear coupling would imprint on single Higgs production at the
LHC. It is found that the bounds on the self coupling are already competitive with those
from Higgs pair production and will be further improved in the current and next LHC runs.
The authors of Ref. 78 have proposed a novel strategy to constrain the bottom and charm
Yukawa couplings by exploiting LHC measurements of transverse momentum distributions
in Higgs production. The method does not rely on the reconstruction of exclusive final states
or heavy-flavour tagging. Compared to other proposals it leads to an enhanced sensitivity
to the Yukawa couplings due to distortions of the differential Higgs spectra from emissions
which either probe quark loops or are associated to quark-initiated production.
The authors of Ref. 79 investigated anomalous interactions of the Higgs boson with heavy
fermions, employing shapes of kinematic distributions, presenting applications of event
generation, reweighting techniques for fast simulation of anomalous couplings, as well as
matrix element techniques for optimal sensitivity.
The authors of Ref. 80 have studied Higgs boson production in association with a top quark
and a W boson at the LHC. At NLO in QCD, tWH interferes with ttH and a procedure to
meaningfully separate the two processes needs to be developed.
The authors of Ref. 81 analysed the production of a top quark pair through a heavy scalar
at the LHC. While the background and the signal can be obtained at NNLO and NLO
in QCD respectively, that is not the case for their interference, which is currently only
approximately known at NLO. In order to improve the accuracy of the prediction for the
interference term, the effects of extra QCD radiation are considered: as a result, it is found
that the contribution of the interference is important both at the total cross-section level
and, most importantly, for the line-shape of the heavy scalar.
The main lesson from Run 1 of LHC is that, to first approximation, we have a (minimal)
SM-like scalar sector. To be more precise, the best precisions achieved are approximately
30% for the ratio of cross sections VBF/ggF (vector boson fusion and gluon-gluon fusion)
and for the ratios of branching fractions, BR(WW)/BR(ZZ) and BR(γγ)/BR(ZZ). The
ratios of coupling modifiers (kappa parameters) are measured with precisions of approx-
imately 10→ 20%. The main message from Run 1: it is important to check the apparent
minimality of the Higgs sector as it is important to anticipate deviations. The improve-
ments expected from Run 2 will come from greater statistics, greater kinematic range and
improvement in theoretical uncertainties. To be considered together with the LHC data, are
the EW precision data (EWPD). For instance, measurements of the W mass provide an
important consistency check of the SM and constrain the possibility of physics beyond the
SM.
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The work of Ref. 82 has shown that the extra error introduced in these measurements
due to SMEFT higher dimensional operators is subdominant to the current experimental
systematic errors. This means that the leading challenge to interpreting these measurements
in the SMEFT is the pure theoretical uncertainty in how these measurements are mapped
to Lagrangian parameters.
Inclusion of EWPD in a global fit deserves additional comments. Usually bounds on the
coefficients are obtained in two ways: individual coefficients are switched one at a time,
or marginalised in a simultaneous fit. In Ref. 71 the global constraint picture on SMEFT
parameters has been updated with the conclusion that stronger constraints can be obtained
by using some combinations of Wilson coefficients, when making assumptions on the UV
completion of the SM. To summarise: global fits show that the degree of constraint on
the SMEFT parameters is strongly dependent on the assumptions made about possible UV
physics matched onto the SMEFT. The theoretical uncertainty, due to neglected terms in
the SMEFT, is also UV dependent.
It is worth noting that fitting dim = 6 Wilson coefficients to LHC Higgs data can be done
and has been done for Run 1 data, but not by members of the ATLAS and CMS collabo-
rations. What has been learnt is that kinematic distributions can significantly improve the
multi-dimensional parameter by resolving strong correlations present in total rate measure-
ments.
As discussed in Refs. 83,84, a few selected kinematic distributions can be used to col-
lect information on modified Higgs couplings, for example in the gluon fusion production
process. In the top-gluon-Higgs sector one can compare three different analysis strategies:
a modified pT spectrum of boosted Higgs production in gluon fusion 85, off-shell Higgs
production, and a measurement of the gluon fusion vs ttH production rates. Unfortunately,
explicit threshold effects in boosted Higgs production are too small to be observable in
the near future 86. Global analyses including kinematic information in all Higgs channels
cannot rely on the kappa framework, but they could be based on a SMEFT. Such analyses
provide potentialities and challenges at the same time 83,84.
6.8. Off-shell results, experimental constraints on the width
In Ref. 87 the off-shell production cross section has been shown to be sizeable at high
ZZ -invariant mass in the gluon fusion production mode, with a ratio relative to the on-peak
cross section of the order of 8% at a center-of-mass energy of 8 TeV . This ratio can be
enhanced up to about 20% when a kinematical selection used to extract the signal in the
resonant region is taken into account 88. This arises from the vicinity of the on-shell Z pair
production threshold, and is further enhanced at the on-shell top pair production threshold.
In Ref. 89 the authors demonstrated that, with few assumptions and using events with pairs
of Z particles, the high invariant mass tail can be used to constrain the Higgs width. For a
detailed description, see Ref. 90.
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Off-shell measurements are (much) more than consistency checks on ΓH: observing an ex-
cess in the off-shell measurement will be a manifestation of BSM physics, which might or
might not need to be in relation with the H width. We need to extend the SM with dynamics,
representing an intermediate step toward the next SM, distancing the experimental analysis
from repeated refinements due to ever-improving calculations.
How was off-shell production used? First one introduces the notion of ∞ -degenerate
solutions for the Higgs couplings to SM particles, as done in Ref. 91,89 and uses the fact
that the enhanced tail is obviously ΓH -independent and that this could be exploited to
constrain the Higgs width model-independently. Finally, use a matrix element method to
construct a kinematic discriminant to sharpen the constraint, see Ref. 92.
More precisely, Refs. 89,93 define the following scenario for on-shell ∞ -degeneracy: there
is invariance under a scaling of the Higgs couplings and of the total Higgs width defined by
σi→H→ f = (σ ·BR) = σ
prod
i Γ f
ΓH
σi→H→ f ∝
g2i g
2
f
ΓH
gi, f = ξ gSMi, f , ΓH = ξ
4ΓSMH (23)
The gluon fusion production cross section as a function of ZZ invariant mass can be written
as:
dσgg→H→ZZ
dm2ZZ
∼ g
2
ggHg
2
HZZ
(m2ZZ−m2H)+m2HΓ2H
. (24)
where gggZ and gHZZ are the couplings of the Higgs boson to gluons and Z bosons, re-
spectively. Integrating either in a small region around mH , or above the mass threshold
mZZ > 2mZ , where (mZZ−mH)>> ΓH , the cross sections are, respectively:
σon−shellgg→H→ZZ∗ ∼
g2ggHg
2
HZZ
mHΓH
(25)
σon−shellgg→H→ZZ∗ ∼
g2ggHg
2
HZZ
2m2H
(26)
The cross section for the on-shell production will not change if the squared product of
the coupling constants g2ggHg
2
HZZ and the total width ΓH are scaled by a common factor
r. On the contrary, away from the resonance the cross section is independent of the total
width and therefore increases linearly with r. Thus a measurement of the relative off-shell
to on-shell production in the H→ ZZ channel provides direct information on ΓH , as long
as the coupling ratios remain unchanged, i.e. the gluon fusion production is dominated by
the top-quark loop and there are no new particles contributing.
The final states H→ ZZ→ 4l, where one Z boson decays to an e or µ pair and the other
to either an e or µ pair, H→ ZZ→ 2l2ν and and H→WW→ 2l2ν have been analysed in
ATLAS 94, and CMS 95,96.
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The results on the limit on the H width from the analysis of the off-shell H production for
the ATLAS and CMS experiments are shown in Fig. 21. The observed 95% CL upper limits
on the width are 22.7 and 13 MeV for ATLAS and CMS respectively, while the expected
95% CL upper limits are 33 MeV and 26 MeV . These results have to be compared with the
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Fig. 21: Scan of the negative log-likelihood as a function of ΓH/ΓSM (ATLAS) and ΓH (CMS) for
the combined fit of the H→ ZZ and H→WW channels at 7 and 8 TeV center of mass energy. The
analyses assume the same ggF and VBF ratio of signal strengths.
upper limit on the direct measurement of the width of the H resonance in γγ and 4l final
states of about 2 and 3 GeV at 95% CL. The analysis of the off-shell production improves
the limits on the Higgs width by a factor of about 100.
After the experiments published their analysis, and with respect to Ref. 90 the following
theoretical improvements have been made:
• full next-to-next-to-leading (NNLO) for qq→ VV, Ref. 97,
• 2-loop amplitudes for massless gg→ VV Refs. 98,99,
• ZZ production in NNLO QCD, Ref. 100.
The 2-loop amplitudes for massive gg→ VV seem out of reach; NLO is known in 1/mt -
expansion, see Ref. 101. For off-shell studies in vector boson fusion (VBF) see Ref. 102.
How should off-shell production be used? However, scaling couplings at the H peak
is not the same thing as scaling them off-peak; the consequence of this fact is that the
kappa framework is not adequate and needs a generalisation, e.g. using SMEFT. Therefore,
one should use SMEFT at a given order (possibly NLO) or any other consistent way of
describing SM deviations. Using SMEFT as an example, the strategy is:
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• write any amplitude as a sum of deformed SM sub-amplitudes and
• add another sum of deformed, non-SM, sub-amplitudes.
The rationale for this course of action (with respect to the original kappa framework) is that
physics is symmetry plus dynamics; symmetry is quintessential (gauge invariance, etc.) but
symmetry without dynamics does not bring us this far. At LEP the dynamics was SM, the
unknowns were MH (αs(MZ), . . .), while at LHC (post the Higgs discovery) the unknowns
are the SM-deviations but, how to describe dynamics? Selecting a BSM model is a choice
but is there something more model independent? The answer is positive: we need a decom-
position where dynamics is controlled by amplitudes with known analytical properties and
the deviations (with a direct link to UV completions) are ultimately connected to Wilson
coefficients.
On-shell studies will tell us a lot, off-shell ones will tell us (hopefully) everything else.
We want to study the physics away from the H peak with a SM-deformed theory (up to
some reasonable value E  Λ) but we also need to reproduce (deformed) SM low-energy
effects, e.g. VV and tt thresholds; BSM loops will remain unresolved, just like SM loops
are unresolved in the Fermi theory. That is why one needs to expand SM deformations
into a SM basis with the correct (low energy) behaviour: in the neighbourhood of the peak
any parameterisation of the deviations will work (certainly at LO), while running off-shell
requires a deeper knowledge of the analytical properties of the deformed amplitude.
To summarise, the correct way of describing off-shell SM deviations is
σEFT(s) =| κprod(s)κdec(s) |2 σSM(s) , (27)
where the “running” kappa parameter (s is the Higgs virtuality) is defined by
κprod(s)κdec(s) = µoffZZ(s) . (28)
A discussion on µoffZZ(s) will be given in Sect. 7.2.2.
Off-shell gauge invariance A final comment on on-shell versus off-shell for LHC physics
is needed. There is an important role played by gauge invariance, thus due care is needed
in the “signal” definition, i.e, the resonant part. In other words, we meet the usual problems
that are present when unstable particles enter the game. Certainly, LHC is not LEP, where
only one resonant contribution was present; for a light SM Higgs boson the 4f decays are
40% of the 2f decays, as a consequence we always face the problem of having to deal with
many off-shell, unstable, particles, even at the H peak.
The question that we will readdress in Sect. 7 is: how to interpret
Γ
(
H→WW→ νlν′l′) vs. Γ(H→WW) , (29)
or, stated differently, how to define Γ(H→WW). The short answer is: never introduce
quantities that are not well-defined; the Higgs couplings can be extracted from Green’s
functions in well-defined kinematical limits, e.g. residues of the poles after extracting the
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parts which are one-particle irreducible. These are well-defined Quanptum-Field-Theory
(QFT) objects, that we can probe both in production and in decays. From this perspective,
VH or VBF are on equal footing with ggF and Higgs decays.
7. Theoretical developments
Run 1 at LHC has not shown any direct evidence for new physics and the available studies
on the couplings of the 125 GeV resonance show compatibility with the Higgs boson of the
SM. What we need, in preparation for the final results of Run 2 and 3, requires a consistent
theory of SM deviations and a consistent link between realistic (fiducial) observables and
theory parameters, see Refs. 103,104 and Ref. 105.
As discussed in this review, the first attempt to characterise SM deviations is represented
by the so-called kappa-framework, introduced in Refs. 26,13.
A very general question that we want to address is: does it make sense to “fit” the EW
core? Note that this problem (the LHC problem) is not confined to introducing a specific
parametrisation for SM deviations.
At LEP the number of quantities was reduced, implying that some assumption was made
on the behaviour of the primordial quantities. The validity of these assumptions was judged
on statistical grounds. Within these assumptions, as QED deconvolution and resonance ap-
proach (i.e. restricting the process e+e−→ ff to its Z -resonant component), the secondary
quantities, the pseudo-observables (POs), were as “observable” as the first ones.
However, Higgs physics at LHC is radically different from Z physics at LEP, since we have
to work with very different scales, e.g. on-shell H decays are very different from, large
Q2, VH production. None of this “complication” existed at LEP. Furthermore, at LHC the
EW core (including the Higgs properties) is always embedded into a QCD environment,
subject to large perturbative corrections and we certainly expect considerable progress in
the “evolution” of these corrections. The same considerations apply to PDFs when study-
ing high-mass (large x) final states. The consequence is that, also for LHC, one has to list
the assumptions that are made in studying Higgs couplings and judge them on statistical
grounds. To repeat the main argument, the huge QCD background and the associated un-
certainty are such that one can fit the data starting from a given parameterisation of the SM
deviations but for each new QCD calculation the result will change substantially and not
multiplicatively.
The procedure that we are suggesting is: write the answer in terms of SM deviations, after
which, certain combinations of the deviation parameters will define the LHC POs and will
be fitted. Optimally, part of the factorising QCD corrections could enter the PO definition.
As for the framework for deviations, the parametrisation should be as general as possible,
with a priori no dropping of terms: this will allow to “reweight” when new (differential)
K-factors become available. Parton density functions (PDFs) changing is the most serious
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problem. At LEP the e+e− structure functions were known to very high accuracy (the
effect of using different QED radiators, differing by higher orders treatment, was tested).
A change of PDFs at LHC will change the convolution.
Keeping in mind all the caveats in the interpretation of the Higgs couplings, we proceed
with a description of POs at LHC since, in our opinion, it will be crucial to follow the path
LHC data → POs → SMEFT.
7.1. LHC pseudo-observables
Why going beyond the κ -framework? We can repeat that the κ -parameters are easy to
understand in terms of how they change cross sections and partial decay widths (the so-
called “peak” observables), but there are theoretical limitations as discussed in Section 5.
In this Section we will emphasise that extending the framework is currently seen 28 as
expressing the κ-parameters in terms of Wilson coefficients in some Effective Field Theory
(i.e. SMEFT). One important point is that electroweak corrections are not defined in the
kappa framework if the kappa’s are meant as coupling modifiers. In the SMEFT we will
have the SM EW corrections plus higher-dimensional operators in EW loops.
The rationale in building a Quantum Field Theory (QFT) of SM-deviations is not so much
in the numerical impact of higher orders (however, see Ref. 32 for a nice discussion) but
in promoting a phenomenological tool to the full status of QFT. Another reason for having
a complete formalism is to avoid a situation where experimenters will have to go back and
remove a provisional formalism from the analyses. However, for some of the Wilson coef-
ficients it is hard to understand both qualitatively and quantitatively what some parameter
value does to observables; therefore, one question that we would like to answer is the fol-
lowing: could we use and translate part of the LEP language (e.g. the one of POs) to recast
parameters into POs?
Any QFT describes dynamics in terms of its Lagrangian parameters. At the LHC (after the
discovery) one would like to try a model-independent approach. From LEP to LHC, does
history repeat itself? Why should it? The rationale of using POs at LHC is because the
POs are a platform between realistic observables and theory parameters 106,107, allowing
experimentalists and theorists to meet half way. In principle, ATLAS and CMS should also
publish their fiducial and template cross sections since they are alternative and not antithetic
to the POs. As already stated, LHC is much more complex than LEP since, as an example,
in the study of off-shell Higgs physics, resonant and non-resonant parts are perfectly tied
together and there are severe issues of gauge invariance that must be taken into account.
Thus, how could we interpret objects like Γ(H→WW∗)?
Despite inherent technical difficulties the next physics goal for LHC is high precision study
of SM-deviations. Ideally, this would require the following steps:
(1) For each process write down some (QFT-compatible) amplitude allowing for
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SM-deviations, both for the resonant part (usually called “signal”) and the non-
resonant component (usually called “background”); NLO SMEFT is a good ex-
ample.
(2) Insert the resonant part expressed through POs without neglecting terms and with-
out subtracting the SM background; the background, i.e. the non resonant part, can
change as well. The idea is to project some “primordial quantities”, say number
of observed events in some pre-defined set-up, into some “secondary quantities”
closer to the theoretical description of the phenomena. In this step, the number of
quantities should not be reduced a priori, unless the validity of the assumptions
that have been made on the behavior of the primordial quantities is judged and
justified on statistical grounds.
(3) Use fiducial/template observables and fit POs, conventionally defined.
At a later stage, we can derive Wilson coefficients or BSM Lagrangian parameters, publish
the full list of fiducial/template (with modern RIVET and HEPDATA technology) and POs
à la LEP (that will become the LHC legacy).
In the rest of this Section we will summarise the state of art in studying SM deviations.
A list of POs at LHC The complete and most updated reference for POs at LHC can be
found in Ref. 108. A summary table for POs at LHC is the following:
L1 An external layer of “physical” POs 19 (similar to σ
peak
f at LEP):
∑
f
ΓVff , N
4l
off , A
ZZ
FB , σ(qq→ ZZ j j) (30)
etc, where ΓVff is the partial decay width for H→ [on-shellV] + ff, N4loff is the
number of events for [off-shellH] → 4l and AZZFB is a forward-backward (FB)
asymmetry: for instance, a FB-asymmetry in the angle between the e and the W
reconstructed from qq pair in H→ eνqq or an F-asymmetry (pi/4) w.r.t. |cosφ |,
φ being the angle between the decay planes of the reconstructed Z bosons, e.g. in
the decay H→ eeqq. These variables are based on a multi pole expansion (MPE),
i.e. these are processes which include a resonance that is fully characterised by
the position of the corresponding complex pole, its residue and the regular part in
the Laurent expansion around the pole c. Furthermore, these “physical” POs are
computed without recurring to a zero width approximation or a truncated MPE.
L2 An intermediate layer of POs (similar to LEP g
e
V A), based on quantities that can
be extracted from Green’s functions in well-defined kinematical limits 109,18,17,
ε(1)H VV , ε
(2)
H VV , εH γγ , εH γZ , εH ff , (31)
cFor technical details on MPE, see Ref. 19.
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once again based on MPE, analyticity, unitarity, and crossing symmetry. For in-
stance, ε(1,2)H VV will be introduced in Eq.(38) and parametrises deviations from the
SM in the decay H→ VV. Once it is “measured” we can compare it with the cor-
responding SM value or any other specific BSM value. For instance, εH γγ refers
to the H→ γγ decay, is zero at LO, and is known up to two loops in the SM and
up to one loop in many BSM models. Finally, εH ff refers to the decay H→ ff, etc.
Once the intermediate POs are “measured” their interpretation will be possible. In
full generality, a 1PI Green’s function with N external (on-shell) lines, carrying
Lorentz indices µi, i= 1, . . . ,N will be decomposed as
Aproc =
L
∑
l=1
ε lproc K
l
µ1 ...µN , (32)
where the set Kl (l = 1 . . . L) contains independent tensor structures made up of
external momenta, metric tensors, elements of the Clifford algebra, and Levi-
Civita tensors. Symmetries, including gauge invariance reduce the number of
structures, e.g. only one structure in H→ γγ,Zγ (CP-even only) due to Ward iden-
tities.
L3 An internal layer of POs: the generalised kappas. A first example: consider the am-
plitude for a loop-initiated process, e.g. H→ γγ; in the SM it can be decomposed
as
AH→γγ = A
f
H→γγ +A
W
H→γγ , (33)
where the superscript f denotes fermion loops and the superscript W denotes the
bosonic part. The kappa-deformed amplitude is characterised by
κγγf , κ
γγ
W , κ
γγ nf
i , etc (34)
where the kappa parameters
- with a f subscript multiply the SM fermion sub-amplitude AfH→γγ ,
- those with a W subscript multiply the SM bosonic sub-amplitude AWH→γγ ,
- those with a nf superscript refer to a set of non-factorisable sub-amplitudes
that are computable in SMEFT and are not present in the original kappa
framework. These amplitudes are better defined in the context of the SMEFT,
e.g. see Eq.(49).
Note that these kappa parameters have an additional label specifying the process,
therefore κγγf 6= κZγf etc. For tree initiated processes the generalised kappa parame-
ters have another label, distinguishing LO from NLO, see Eq. (141) and Eqs. (173-
175) of Ref. 31 for details. The introduction of generalised kappas is not limited
to decay processes; for instance, consider qq→ ZH, where we can write
Aqq→HZ = g2
(
1+∆κqq→HZ
)
ALOqq→HZ +g
2 ∑
λ=±
i=1,2
vγµ γλ ueν ∆κ
qq→HZ ;nf
λ i A
i
µν ,
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γ± =
1
2
(1± γ5) , A1µν = δµν , A2µν = pZ µ pHν , (35)
and eµ is the Z polarisation vector and
ALOuu→HZ =
1
8
MW
c3
θ
∑
λ=±
(1+λ − 8
3
s2
θ
)v/eγλ u , etc . (36)
Similar decompositions can be provided for qq→ qqH, gg→ ttH, etc.
To summarise, the generalised kappa parameters are a convenient way to combine
Wilson coefficients, i.e. for a given group of observables the set of Wilson coef-
ficients collapses into a set of generalised kappas. Of course, the exact relation
between generalised kappas and Wilson coefficients depends on the order of the
SMEFT calculation, LO or NLO.
L4 Finally, the innermost layer: the Wilson coefficients in SMEFT (LO or NLO) or
non-SM parameters in BSM (e.g. mixing angles α,β , soft-breaking scale, Msb,
etc., in THDMs).
As we will explain in more detail below, introducing the innermost layer is an operation
that can be eventually postponed. The original work on intermediate POs at LHC can be
found in Refs. 109,18,17 and in Ref. 19 for external POs.
Intermediate layer (L2) In the following we give few examples, starting with the in-
termediate layer, Eq.(31). The amplitude for the Higgs decay H → γ(p1)γ(p2) can be
parametrised as
AH→γγ = εH γγ
p1 · p2 gµν − pµ2 pν1
MH
, (37)
Another example where we use MPE is the following:
AH→VV = ε
(1)
H VV M
2
H g
µν + ε(2)H VV p
µ
2 p
ν
1 . (38)
In all cases the Higgs production parametrization follows by using analyticity and crossing
symmetry. In any process, the residues of the poles corresponding to internal, unstable
particles are numbers, while the non-resonant part is a multivariate function that requires
some basis, i.e. a less model independent theory of SM deviations. That is to say, residues of
the poles (MPE) can be intermediate POs by themselves. Numerically speaking, the residue
of the pole depends on the impact of the non-resonant part which is small in gluon-fusion
but not in Vector Boson Scattering. Therefore, the focus for reporting data should always
be on real observables, fiducial/template cross sections, and pseudo-observables. To give an
idea of the general structure we consider the H→ 4f channels: including CP-odd couplings,
there are 3 flavor-universal charged-current POs, 7 flavor-universal neutral-current POs,
and a set of flavor non-universal charged-current POs; the number of non-universal POs
depends on the fermion species we are interested in 108.
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Few additional definitions are needed to appreciate the consistency of the whole theoretical
construction. Here, we only provide a brief summary, with the corresponding references.
- By on-shell S-matrix for an arbitrary process (involving external unstable parti-
cles) we mean the corresponding (amputated) Green’s function supplied with LSZ
factors and sources, computed at the (complex) poles of the external lines 110,12.
Processes that involve stable particles can be straightforwardly transformed into a
physical PO.
- The connection of the HVV,V = Z,W (on-shell) S-matrix with the off-shell ver-
tex H→ VV and the full process pp→ 4f is more complicated and is discussed
in some detail in Sect. 3 of Ref. 19. The “on-shell” S-matrix for HVV, being built
with the the residue of the H−V−V poles in pp→ 4f is gauge invariant by con-
struction (it can be proved by using Nielsen identities) and represents one of the
building blocks for the full process: in other words, HVV is a PO.
- Technically speaking the “on-shell” limit for external legs should be understood
“to the complex poles” (for a modification of the LSZ reduction formulas for un-
stable particles see Ref. 111) but, as well known, at one loop we can use on-shell
masses (for unstable particles) without breaking the gauge parameter indepen-
dence of the result.
- It is worth noting that there are subtleties when the H is off-shell. They are de-
scribed in Appendix C.1 of Ref. 12. Briefly, there is a difference between per-
forming an analytical continuation (H virtuality → H on-shell mass) in the off-
shell decay width and using leading-pole approximation (LPA) of Ref. 112, i.e.
the doubly-resonant part, where the matrix element (squared) is projected but not
the phase-space. Analytical continuation is a unique, gauge invariant procedure,
the advantage of leading-pole approximation is that it allows for a straightforward
implementation of experimental cuts.
External layer (L1) The external layer, Eq.(30), requires additional work. It would be
ideal to stop reporting non existing objects, e.g. H→ ZZ or non-gauge-invariant objects,
e.g. H → Z∗Z. The external layer, i.e. the “physical" POs, allows for experimental cuts
and thus bypasses ad hoc constructions like “diagram removal” (not gauge invariant) or
“diagram subtraction” (with ad hoc prefactors and Breit-Wigner profiles).
MPE is the tool for isolating gauge invariant parts of any amplitude, therefore it is enough
to construct quantities in the intermediate layer. Quantities in the external layer aim to iden-
tify “elementary” subprocesses inside a “realistic” processes, e.g. simple production/decay
processes inside realistic processes, e.g. tt H production inside WbWb production. MPE,
i.e. gauge-invariant splitting of the amplitude, is not the same as “factorisation” of the pro-
cess into sub-processes; let us explain what it is meant by requiring the pole to be inside
47
the physical region. The propagator and phase-space are
|∆|2 = 1
(s−M2)2+Γ2M2
=
pi
MΓ
δ
(
s−M2)+PV [ 1
(s−M2)2
]
,
dΦn (P, p1 . . . pn) =
1
2pi
dQ2 dΦn−( j+1)
(
P,Q, p j+1 . . . pn
)
dΦ j (Q, p1 . . . p j) , (39)
where PV denotes the principal value (understood as a distribution, see Ref. 113). It would
be convenient to define POs through a factorisation of the process into sub-processes, e.g.
by “isolating” the production and decay of a particle of momentum Q. A typical example
is the “isolation” of H → Zγ in H → ffγ , where H → Zγ will be the relevant PO 114.
However, to “complete” the Q -decay (requiring dΦ j), we need the δ -function in Eq.(39).
We can say that the δ -part of the resonant (squared) propagator “opens” the corresponding
line and allows us to define POs; however, this is not the case for t -channel propagators,
which cannot be cut. Note that the pole must be inside the allowed portion of phase space
which is not always the case when experimental cuts are introduced or the kinematics of
the process does not allow it. For instance, Γ(H→ Zγ) can be promoted to be a “physical”
PO whereas Γ(H→ ZZ) cannot and we should introduce ∑f Γ(H→ Zff). As an additional
example, consider the process qq→ f1f1f2f2 j j: given the structure of the resonant poles
we can define different POs, e.g.
σ(qq→ f1f1f2f2 j j)
PO7−→ σ(qq→ H j j)Br(H→ Zf1f1)Br(Z→ f2f2) ,
σ(qq→ f1f1f2f2 j j)
PO7−→ σ(qq→ ZZ j j)Br(Z→ f1f1)Br(Z→ f2f2) . (40)
There are additional fine points to be considered when factorising a process into “physical”
sub-processes, and details have been discussed in Ref. 19.
The internal and innermost layers require the introduction of SMEFT.
7.2. Standard Model Effective Field Theory
The basis for NLO calculus of the Standard Model effective field theory (SMEFT) has been
developed in Ref. 31 and in Refs. 32,33. The issue of theoretical uncertainty associated
with missing higher orders has been raised and discussed in Ref. 70. The interplay between
SMEFT and pseudo-observables has been introduced in Ref. 19.
In Ref. 31 one can find all technical details as well as the full list of counterterms and
mixings that are relevant for Higgs physics. The SMEFT used is based on the assump-
tion of one Higgs doublet with a linear representation; for non-linear representations see
Refs. 115,83. There are two different research approaches in any EFT, the top-down and
bottom-up approach.
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7.2.1. The top-down approach
The top-down approach starts with a known theory and systematically eliminates degrees
of freedom associated with energies above some energy scale Λ. The construction of a low-
energy effective theory is, in general, not simple for the high-energy degrees of freedom
may be tangled up with the low-energy ones. For a distinction between Wilsonian and
“continuum” EFT see Ref. 116.
The integration of heavy fields in a wide class of BSM models, containing more that one
representation for scalars has been discussed in Refs. 117,118,60,119,120.
The authors of Ref. 121 have discussed the conditions for an effective field theory to give
an adequate low-energy description of the underlying physics beyond the SM. Starting
from the EFT where the SM is extended by dim = 6 operators, experimental data can be
used without further assumptions to measure (or set limits on) the EFT parameters. Their
conclusion is that interpretation of these results requires instead a set of broad assumptions
on the UV dynamics.
The work of Refs. 83,84 shows how the Higgs couplings analysis of Run 1 can be expanded
into a Higgs operator analysis, based on a linearly-realised dim = 6 Lagrangian. The ex-
traction of the corresponding Wilson coefficients from Run 1 data is discussed emphasising
how kinematic distributions can be included and how they affect the extraction of the Wil-
son coefficients. Even more important, they study how well weakly interacting extensions
of the Higgs and gauge sector are described by such a dim= 6 Lagrangian. It turns out that
in spite of the lacking scale hierarchy the dim = 6 approximation quantitatively captures
the relevant features of the full models, except for the appearance of new resonances.
SMEFT is a double expansion in g2 v2/Λ2 and g2E2/Λ2, where v is the Higgs VEV and
E is the typical energy scale at which the measurement is performed. Operators controlled
by the VEV do not change kinematic distributions. The general argument, discussed in
Refs. 83, is the following: for a “reasonable” weakly interacting theory, when only studying
total rates with an LHC accuracy of 10%, the LO impact can be estimated according to:∣∣∣ σ × BR
(σ × BR)SM −1
∣∣∣= g2M2HΛ2 > 10% (41)
that implies
Λ<
gMH√
10%
≈ 400 GeV . (42)
This explains why differential distributions are essential, involving a new scale g pT/Λ.
There is always a huge improvement on the sensitivity when using differential distributions
as can be seen by comparing the constraints obtained in the measurement of the signal
strength with the ones including distributions.
Ref. 61 makes the point that, for the new physics scales accessible at the LHC, the effec-
tive operator expansion is only relatively slowly converging. For tree-level processes, the
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agreement between SMEFT and a range of UV-complete models depends sensitively on
the appropriate definition of their matching. To be more precise consider a theory with both
light and heavy particles; the Lagrangian depends on M, the mass of the heavy degree of
freedom. Next, introduce the corresponding effective theory, valid up to a scale Λ = M.
Afterwards we renormalise the two theories, say in the MS-scheme (taking care that loop-
integration and heavy limit are operations that do not commute), and impose “matching”
conditions among renormalised “light” 1 particle irreducible (1PI) Green’s functions d, i.e.
ΓR(µ) |full (µ) = ΓR(µ) |eff , µ ≤M , (43)
where µ is the renormalisation scale and ΓR is any renormalised Green’s function. At the
one-loop level, near the scale of EWSB the validity of SMEFT description can be system-
atically improved through an appropriate matching procedure.
7.2.2. The bottom-up approach
Finding deviations is what we expect, at least experimentally; in that sense we should place
more focus on measuring them than in just setting limits. In any (strictly) renormalisable
theory with n parameters one needs to match n data points and the (n+ 1)th calculation
becomes a prediction. In the SMEFT there are (N6+N8+ · · · = ∞) renormalised Wilson
coefficients (where Nn is the number of Wilson coefficients of dim = n) that have to be
fitted, measuring SM deformations due to a single O(6) insertion. A basis for dim = 6,
the so-called Warsaw basis, has been provided in Ref. 123. Recent progress for dim = 8
operators can be found in Refs. 124,125,126. By dim= 6 SMEFT basis we mean any set of
gauge invariant, dimension 6 operators, none of which is redundant. For a formal definition
of redundancy see Sect. 3 of Ref. 27.
SMEFT Lagrangian The treatment of EFT was pioneered in 127,128,129; the SMEFT
approach is based on the following Lagrangian:
A =
∞
∑
n=N
gn A(4)n +
∞
∑
n=N6
n
∑
l=1
∞
∑
k=1
gn gl4+2k A
(4+2k)
n,l,k , (44)
where g is the SU(2) coupling constant and g4+2k = 1/(
√
2GFΛ2)k = gk6; GF is the Fermi
coupling constant and Λ is the scale around which new physics (NP) must be resolved. For
each process, N defines the dim = 4 Lagrangian at LO (e.g. N = 1 for H→ VV, etc., but
N = 3 for H→ γγ). N6 = N for tree initiated processes and N−2 for loop initiated ones.
A simple SMEFT ordertable for tree-initiated 1→ 2 processes is available in Ref. 28, where
the complete definition of LO SMEFT, NLO SMEFT, and MHOU (missing higher order
uncertainties) for SMEFT is presented. Here it will suffice to say that for a decay 1→ 2,
dFor a complete definition of the matching procedure see Sect. 3.1 of Ref. 122.
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gg6 A
(6)
1,1,1 defines the LO SMEFT expression while g
3 g6 A
(6)
3,1,1 defines the NLO SMEFT
amplitude in the perturbative expansion.
NLO corrections are a necessary consequence of the SMEFT being a well-defined field the-
ory. The numerical size of the higher order terms depends upon the high energy (UV) sce-
nario dictating the coefficients andΛ, which is unknown. Restricting to a particular UV case
is not an integral part of a general SMEFT treatment and various cases can be chosen once
the general calculation is performed. All explicit references to the underlying theory are
introduced via the matching procedure in the standard approach to EFTs and power count-
ing, see Refs. 127,128,129,130,122,131,132,133,134,135,136,137,138,139,140,141,142,143
for reviews.
SMEFT is a double expansion: in g and g6 = v
2
F/Λ
2 for pole observables and in g,g6 E
2/v2F
for off-shell ones.
To summarize, LO SMEFT refers to dim = 6 operators in tree diagrams, sometimes called
“contact terms”, while NLO SMEFT refers to one loop diagrams with a single insertion
of dim = 6 operators. One can make additional assumptions by introducing classification
schemes in SMEFT. One example of a classification scheme is the Artz-Einhorn-Wudka
“potentially-tree-generated” (PTG) scenario 144,27. In this scheme, it is argued that classes
of Wilson coefficients for operators of dim = 6 can be tree level, or loop level (suppressed
by g2/16pi2)e. In these cases, the expansion is reorganised in terms of “tree-generated”
(TG) (we assume a BSM model where PTG is actually TG) and LG insertions (i.e. “loop-
generated”), i.e. LG contact terms and one loop TG insertions, one loop LG insertions and
two loop SM etc. It is clear that LG contact terms alone do not suffice.
Strictly speaking we are considering here the virtual part of SMEFT, under the assumptions
that LHC POs are defined à la LEP, i.e. when QED and QCD corrections are deconvoluted.
Otherwise, the real (emission) part of SMEFT should be included and it can be shown that
the infrared/collinear part of the one-loop virtual corrections and of the real ones respect
factorisation: the total = virtual + real is IR/collinear finite at O(g4 g6), see Ref.
28.
It is worth noting that SMEFT has limitations, obviously the scale should be such that
E  Λ. Understanding SM deviations in tails of distributions requires using SMEFT only
up to the point where it stops to be valid, or using the kappa–BSM-parameters connection,
i.e. replace SMEFT with BSM models, optimally matched to SMEFT at lower scales. It
is worth noting the complementarity between “pole” vs. “tail” measurements: operators
that influence tail observables are not the same affecting pole observables, i.e. derivative
vs. non-derivative operators. Furthermore, the SMEFT does break down in the tails if you
have a cutoff scale that is not outside the larger probe scale. We can say that, eventually, the
SM will break in “tails”; projecting into the SMEFT will have a large intrinsic uncertainty,
i.e. we do not know what exactly is going on because the SMEFT interpretation becomes a
series expanded in a parameter larger than 1.
eThis classification scheme corresponds only to a subset of weakly-coupled and renormalisable UV physics cases.
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To explain SMEFT in a nutshell (for a complete description see Ref. 34) consider a process
described by some SM amplitude
ASM = ∑
i=1,n
A(i)SM , (45)
where i labels gauge-invariant sub-amplitudes. In order to construct the SMEFT one has to
select a set of higher-dimensional operators and to start the complete procedure of renor-
malization. Of course, different sets of operators can be interchangeable as long as they are
closed under renormalization. It is a matter of fact that renormalization is best performed
when using the so-called Warsaw basis, see Ref. 123. Moving from SM to SMEFT we
obtain
ALOSMEFT = ∑
i=1,n
A(i)SM + ig6 κc , A
NLO
SMEFT = ∑
i=1,n
κi A
(i)
SM + ig6 κc+g6 ∑
i=1,N
ai A
(i)
nfc , (46)
where g−1
6
=
√
2GFΛ2. The last term in Eq.(46) collects all loop contributions that do
not factorize and the coefficients ai are Wilson coefficients. The κi start from one, i.e.
κi = 1+∆κi, and the ∆κi are linear combinations of the ai. We conclude that Eq.(46) gives
the correct generalization of the original κ -framework at the price of introducing additional,
non-factorizable, terms in the amplitude.
Finally, we would like to clarify certain points regarding the following question: do we
necessarily have to make UV assumptions? The work in Ref. 121 discusses the conditions
for an EFT to give an adequate low-energy description of an underlying physics beyond the
SM. The claim is that one has to make a set of broad assumptions on the UV dynamics as
one cannot just use SMEFT without UV assumptions (if not for setting limits on the Wilson
coefficients). We agree with the view presented in Ref. 143: the pattern of suppressions for
Wilson coefficients is not a SMEFT prediction but must be determined experimentally. Of
course, it depends on the underlying UV completion but can be determined experimentally
solely by using “low-energy” measurements that can be computed by using SMEFT, as was
always done in the past.
SMEFT vs. original kappa framework, the internal layer (L3) For a discussion of the
internal layer, Eq.(34), we consider the present implementation of coupling modifiers, as
illustrated in Eq.(9). In general, for gg→ H we can use the following decomposition,
Agg = ∑
q=t,b
κggq A
gg
q +κ
gg
c , (47)
Aggt being the SM t -loop etc. The contact term (which is the LO SMEFT) is given by κ
gg
c .
Furthermore
κq = 1+∆κq = 1+g6 δq . (48)
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The innermost layer: Wilson coefficients (L4) In the context of NLO SMEFT Eq.(47) is
rewritten as
AggEFT = ∑
q=t,b
κggq A
gg
q +KaφG + ∑
q=t,b
Anf ;ggq aqG
=
ggS
pi2 ∑q=t,b
κggq A
gg
q +2gS g6
s
M2W
aφG +
gg2S g6
pi2 ∑q=t,b
Anf ;ggq aqG , (49)
where the κ are linear combination of Wilson coefficients, denoted by a following the
Warsaw basis convention. At NLO, ∆κ= g6 δ and
g−1
6
=
√
2GFΛ2 , 4pi αs = g2S
δ ggt = aφW +at φ+2aφ−
1
2
aφD , δ
gg
b = aφW−ab φ+2aφ−
1
2
aφD . (50)
In Eq.(50) aφW is LG, as well as aφG and aqG . Therefore,
δ ggt |PTG= at φ+2aφ−
1
2
aφD ,etc. (51)
Remark Instead of the two parameters appearing in Eq.(9) we now have t,b modifiers
(containing both PTG and LG), a (LG) contact term and (LG) non factorisable contribu-
tions. In order to compare with Eq.(9) we introduce
Xt ,b =| At ,b |2 , Xt b = 2 Re
[
A†t Ab
]
, Xq =| ∑
q=t,b
Aq |2
Yt = 2 Re At , Yb = 2 Re Ab , Yq = 2 ∑
q=t,b
Re Aq , (52)
and derive the results of Tab. 5.
Table 5: Resolved scaling factor in gg→ H. K is the coefficient of the contact term as introduced in
Eq.(49).
Framework Scaling factor
κ κ2t Xt +κ
2
b Xb +κt κb Xt,b
LO SMEFT Xq +K
2 a2φG +KaφG Yq
NLO SMEFT PTG κ2t Xt +κ
2
b Xb +κt κb Xt,b +K
2 a2φG +KaφG κt Yt +KaφG κb Yb
When going interpretational we make additional assumptions: for instance, use NLO
SMEFT, adopt the Warsaw basis and eventually work in the Einhorn-Wudka PTG scenario.
Options are:
- LO SMEFT: κq = 1 and aφG being LG is scaled by 1/16pi2;
- NLO PTG-SMEFT: κq 6= 1 but only PTG operators inserted in loops (non-
factorisable terms absent), aφG scaled as above;
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- NLO full-SMEFT: κq 6= 1, LG/PTG operators inserted in loops (non-factorisable
terms present), LG coefficients scaled as above.
Summarising: relaxing the PTG assumption introduces non-factorisable sub-amplitudes
proportional to at g,ab g with a mixing among {aφG,at g,ab g}. Meanwhile, renormalisation
has made one-loop SMEFT finite, e.g. in the GF -scheme, with a residual µR -dependence.
A connection between intermediate POs, generalised kappas, and Wilson coefficients has
been derived in Sect. 8 of Ref. 108.
Off-shell SMEFT Consider H→ ZZ for a Higgs of virtuality s. The amplitude is decom-
posed into Lorentz structures,
AµνZZ =DZZ δ µν +PZZ p
µ
2 p
ν
1 , (53)
with the following result:
DZZ = gκ
ZZ
LOD
LO
ZZ +
g3
16pi2 ∑i=t,b,W
κZZ ;DNLO ; iD
LO ; i
ZZ +
g3g6
16pi2 ∑a∈AZZ
DLO ;nfc ;aZZ a , (54)
PZZ = 2
gg6
MW
aZZ +
g3
16pi2 ∑i=t,b,W
κZZ ;PNLO ; iP
LO ; i
ZZ +
g3g6
16pi2 ∑a∈AZZ
PLO ;nfc ;aZZ a . (55)
Once again, κZZLO etc. start from one, ∆κ
ZZ
LO etc. parametrise SM deviations and DLOZZ etc. are
computed within the SM. Following Eq.(48) the kappas are determined by
δ ZZLO = 2aφ+ s2θ aAA + sθ cθ aAZ +
[
4+ c2
θ
(1− s
M2W
)
]
aZZ ,
δ ZZ ;DNLO ;W = 2aφ+
1
12
1+4c2
θ
c2
θ
aφD + s2θ aAA +
1
3
sθ (
5
cθ
+9cθ )aAZ +(4+ c
2
θ
)aZZ ,
δ ZZ ;DNLO ; t = at φ+2aφ−
1
2
aφD +2aZZ + s2θ aAA ,
δ ZZ ;DNLO ;b = −ab φ+2aφ−
1
2
aφD +2aZZ + s2θ aAA , (56)
δ ZZ ;PNLO ; t = δ
ZZ ;D
NLO ; t ,
δ ZZ ;PNLO ;b = δ
ZZ ;D
NLO ;b ,
δ ZZ ;PNLO ;W = 4aφ+
5
2
aφD +3s2θ aAA +12aZZ . (57)
Results for the probability distribution of SM deviations are shown in Fig. 22. Here the
Wilson coefficients are distributed according to unif(−1 , 1) for a scale Λ = 3 TeV . Con-
sider a measure of deviation from the SM prediction written as R = ΓNLOSMEFT/ΓSM−1,
where Γ= Γ(H→ γγ). Allowing each Wilson coefficient to have a uniform probability dis-
tribution in a interval In = [−n ,+n], the result from sampling random values for the Wilson
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coefficients and calculating R at LO and NLO produces results that are substantially differ-
ent. This demonstrates how the LO and NLO procedures inherently allow for and lead to
different inferences on the Wilson coefficients.
Moving from kappa fits to PO, SMEFT fits .
In LEP times, the experimental collaborations followed a complete path, i.e. primordial
quantities (PQs) → pseudo-observables (POs) → couplings. Primordial quantities are ob-
tained through many assumptions, event classification, detector response, etc. On the ob-
servability of POs we can say that all quantities are equally “observable” provided one
endorses the conceptual description of the phenomena that they are supposed to quantify.
It is foreseeable that ATLAS and CMS, given the more complex environment at LHC, will
only do PQs → “something” and the big decision will be about “something” and “how”.
Let’s assume that the analysis will concentrate on extracting Wilson coefficients (W), as
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Fig. 22: Off-shell gg→H. The Higgs virtuality is s and Wilson coefficient are generated with support
| ai | ∈ [−1 ,+1] (unif(−1 , 1)). Λ= 3 TeV .
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done in Run 1 for PQs → kappa ratios. Let’s examine some of the consequences: assuming
a (possible) experimental choice given by PQs → WLO, we will miss the intermediate step
PQs → POs → W; therefore we will not be able to undo the analysis, e.g. to derive NLO
Wilson coefficients from LHC data. Furthermore, the extraction at LO will be based on
some “LO” procedure and little additional knowledge will be available because everything
will be hard-coded somewhere inside some code. Once again, for this reason, nobody will
be able to unfold the WLO, i.e. WLO → POs → something else. For this reason we want to
emphasize that
a) PQs → POs is crucial while PQs → W should be viewed as subsidiary,
b) PQs → WLO , if done directly, should be done with a general/consistent proce-
dure, i.e. any LO procedure used should be extendible to NLO. Therefore the use
of “LO” should be restricted to the lowest-order prediction of a, fully consistent,
theory and not used as a synonym, essentially meaning “phenomenological ap-
proach”.
The advantages in upgrading the (original) kappa fits are obvious: on the theory side the
extension allows us to systematically include loop corrections, not only in QCD; on the
experimental side it becomes possible to describe modified kinematic distributions, like for
example the transverse momentum of the Higgs. Finally, on the theory and experimental
sides, it allows us to combine measurements in the Higgs sector with any search for physics
beyond the SM.
7.3. Motivations for an EFT approach
The lesson of the experiments from 1973 to today is that it is extremely difficult to find a
flaw in the SM, thus maybe the SM includes elements of a truly fundamental theory. But
then how can one hope to make theoretical progress without experimental guidance? One
should pay close attention to what we do not understand precisely about the SM even if
the standard prejudice is that it is a hard technical problem, and solving it won’t change
anything. The conventional vision is that some very different physics occurs at the Planck
scale and the SM is just an effective field theory. It is possible that at some very large
energy scale, all non-renormalisable interactions disappear. This seems unlikely, given the
difficulty with gravity. It is possible that the rules change drastically. It may even be possible
that there is no end, simply more and more scales. This prompts the important question
whether there is a last fundamental theory in this tower of EFTs which supersede each
other as energy rises. Some people conjecture that this deeper theory could be a string
theory, i.e. a theory which is not a field theory any more. Or should one ultimately expect
from physics theories that they are only valid as approximations and in a limited domain
(see Ref. 145)? Alternatively, the approach could be that one should not resort to arguments
involving gravity. When looking for UV completions of the SM the following remarks are
relevant: there are several spin 1/2 and spin 1 degrees of freedom, but only one spin 0.
If there are more, the present experimental evidence requires a hierarchy of VEVs which,
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once again, is a serious fine-tuning problem. Why are all mixings small? Is it accidental or
systematic (i.e. a new symmetry)? The real problem when dealing with UV completions is
that one model is falsifiable, but an endless stream of them is not.
Here, we return to the “more and more scales” scenario. Even in this case it would be an
error to believe that rigour is the enemy of simplicity. On the contrary, we find it confirmed
by numerous examples that the rigorous method is at the same time simpler and more easily
comprehended. We need a consistent theoretical framework in which deviations from the
SM (or NextSM) predictions can be calculated (on average, for every 20 bogus hypotheses
you test, one of them will give you a p of < 0.05). Such a framework should be applicable
to comprehensively describe measurements in all sectors of particle physics: LHC Higgs
measurements, past EWPD, etc.
In this section we revised a theory defined to be the SM augmented with the inclusion
of higher dimensional operators (dim > 4); this theory (let’s call it Th1) is not strictly
renormalisable since, order by order, the number of ultraviolet (UV) divergences increases
even if, order by order, they can be removed. Th1 is standalone and makes predictions, not
only at lowest order (LO). Although workable to all orders, Th1 fails above a certain scale,
Λ1, because a) the perturbative expansion, in E/Λ, breaks down and b) unitarity is violated.
Above Λ1 we are forced to abandon Th1.
Consider any BSM model that is strictly renormalisable and respects unitarity and call it
Th2; its parameters can be fixed by comparison with data, while masses of heavy states are
presently unknown. Th1 and Th2 differ in the UV but must have the same infrared (IR)
behaviour.
Consider now the whole set of data below Λ1. Th1 should be able to explain them by fitting
Wilson coefficients, Th2 should be able to explain the data adjusting the masses of heavy
states (as SM did with the Higgs mass at LEP). Goodness of both explanations is crucial in
understanding how well Th1 and Th2 match and how reasonable it is to use Th1 instead of
the full Th2, see Ref. 83. It is worth noting that, to a large extent Th2 is “suggested” by the
comparison of Th1 and data.
The next question is: does Th2 explain all observations? Possibly not, but it should be able
to explain something more than Th1. In any case, both Th1 and Th2 should be formulated at
least at next-to-leading order (NLO) with UV divergences removed and, whenever possible,
with Lagrangian parameters traded for experimental data.
We could now define Th3 as Th2 augmented with its own higher dimensional operators,
and valid up to a scale Λ2.
The construction of the SMEFT, to all orders, is not based on assumptions on the size of the
Wilson coefficients of the higher dimensional operators; restricting to a particular UV case
is not an integral part of a general SMEFT treatment and various cases can be considered
after the general calculation is performed. Of course, if the value of Wilson coefficients
in broad UV scenarios could be inferred in general this would be of significant scientific
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value.
To summarise: constructing SMEFT is based on the fact that experiments occur at finite
energy and “measure” an effective action Seff(Λ); whatever QFT should give low energy
Seff(Λ) , ∀Λ< ∞. One also assumes that there is no fundamental scale above which Seff(Λ)
is not defined 29 and Seff(Λ) loses its predictive power if a process at E = Λ requires ∞
renormalised parameters 30.
Extending the kappa framework should be seen as expressing the κ-parameters in terms of
coefficients in the SM effective field theory (SMEFT), remembering that SMEFT converges
to SM in the limit of zero Wilson coefficients, but SMEFT and SM are different theories in
the UV.
7.4. Theoretical uncertainties
There is now an overall consensus on having a “truncation” error in SMEFT, and the rec-
ommendation is to quote it separately, as for example is common practice among experi-
mentalists for different kind of systematic or statistical uncertainties. The reason for doing
that is that this error is strongly model dependent, differently from other ones.
Let us refer to the case when we observe some deviation from the SM. Then, if the exper-
imental precision allows, we could be able to test loop corrections and/or dim = 8 effects.
In this case we can say that there is already strong evidence that NLO SMEFT provides
non-negligible corrections, which are relevant for per-mille/few percent constraints. As it
is always the case, if one works at LO and a tiny deviation is found, this deviation could
be due to new physics or to missing higher orders. For a given observable one can compute
the deviation and the corresponding probability distribution function (pdf) with the result
that the LO pdf differs from the NLO pdf at the level required by the projected precision.
Of course, one should also consider the case where no deviation from the SM is observed
and limits on the dim = 6 coefficients are set through a LO procedure. Also in this case
loops should not be neglected if one wants to constrain a specific UV model, or if experi-
mental data at widely different scales are to be combined into a single fit.
The SMEFT framework is useful because one can set limits on the effective coefficients
in a model-independent way 70. This is why SMEFT in the bottom-up approach is so
useful: we do not know what the tower of UV completions is (or if it exists at all) but we
can formulate the SMEFT and perform calculations with it without needing to know what
happens at arbitrarily high scales. On the other hand, in the top-down approach (Sect. 7.2.1),
interpreting such limits as bounds on UV models does require some assumption of the UV
dynamics 121.
Unless we start observing deviations, any phenomenological “dim = 6” approach is a rea-
sonable starting point to describe limits on SM deviations. While this outcome is much
less desirable than dealing with a consistent SMEFT it is important to recognize that the
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difference relates to the possibility of including theory uncertainties. SMEFT can be used
in LHC Higgs physics as long as we do not see new resonances. It allows us to describe
kinematic distributions and to include EW corrections. An important question to answer is
on theory uncertainties when linking SMEFT to full, (weakly interacting) BSM models.
8. Prospects for Run II
From the extraordinarily successful and well-established kappa-framework we know that
measurements of Higgs couplings at the level of several percent can be expected from the
upcoming LHC run(s). Towards higher luminosity the Higgs couplings to weak bosons
will likely be the best-measured also because the theoretical uncertainties linked to the
corresponding LHC production cross sections are well under control.
The increase in LHC beam energy from 8 TeV to 13 TeV (or more) will have a significant
impact on the physics reach of ATLAS and CMS. In addition, the experiments will be
accumulating 10 or 100 times more data. A multi-TeV particle produced via gluon fusion
will see an increase in the parton luminosity by one or two orders of magnitude relative
to 7 TeV collisions. The jump in energy will enable precision measurements of Higgs
boson properties and SM processes that will either help to elucidate the nature of the newly
discovered particle or exclude a large set of possible alternatives to the standard model.
Precise performance assessments at 13 TeV center of mass energy and with the new up-
graded detector (or with the envisaged upgrade that will happen in the future shutdown) do
not exist. Only extrapolations from 7 and 8 TeV results with the detector and analyses for
the Run 1 data are available.
In this Section only the results from CMS will be shown 146. The CMS results are extrap-
olated to larger datasets of 300 and 3000 f b−1 and a center-of-mass energy of 14 TeV by
scaling signal and background event yields accordingly. In order to study the precision of
future measurements, a number of assumptions are made. As stated before, the extrapo-
lations are done not considering the future detector upgrade, but assuming the same level
of detector and trigger performances achieved with the detector in the 2012 data-taking
period. Extrapolations are presented for two uncertainty scenarios. In Scenario 1, all sys-
tematic uncertainties are left unchanged. In Scenario 2, the theoretical uncertainties are
scaled by a factor of 1/2, while other systematic uncertainties are scaled by the inverse
square root of the integrated luminosity. The comparison of the two uncertainty scenarios
indicates a range of possible future measurements. The extrapolation without theoretical
uncertainties is also presented as Scenario 3, to illustrate the importance of reducing those
uncertainties in the future. Systematic uncertainties are inputs to the fits. They can be fur-
ther constraint by the data when extracting the signal strength, coupling modifier or ratios
of such. Similar extrapolations have been discussed in Ref. 146.
The estimated precision on the measurements of the signal strength for a SM-like Higgs
59
boson is presented in Fig. 23. The projections assume
√
s = 14 TeV and an integrated
luminosity of 300 f b−1 (top) and 3000 f b−1 (middle and bottom), with and without the
theoretical uncertainty. The projections are obtained with the three uncertainty scenarios
described above.
The huge improvements that the detector upgrades will provide in terms of detection ef-
ficiency and resolution (efficiencies could easily double for some of the processes and
resolution will be improved considerably 146), the new methods to control the background
and analyse the data that will be introduced, and the addition of more Higgs channels in the
extraction of the couplings. All these will contribute to reach a much smaller uncertainty
on the Higgs couplings. We think that at least a factor of 2 could be gained from the one
presented in this section. Moreover, an additional improvement will come from the combi-
nation of the data from ATLAS and CMS experiments, as it has been demonstrated in the
first part of this report for the Run 1 analysis.
9. Conclusions
Understanding the Higgs properties is a pillar of the present paradigm. In this review we
discussed the frameworks adopted during Run 1 at LHC as well as the experimental results.
Understanding that the main accent should be put on observables (i.e. quantities related to
an S-matrix) is important, and mapping those observables to a Lagrangian is a truly subtle
affair, that we must understand and that cannot really be demoted.
The Higgs boson production and decay rates measured by ATLAS and CMS have been
combined within the context of different generic parameterisations, e.g. one based on ratios
of coupling modifiers. The data are consistent with the Standard Model predictions for all
parameterisations considered.
Are we expecting new revolutions and do we want them out as soon as possible? This
attitude to physics is associated with the modern era and it is not new f. Most approaches are
subjective, model-dependent, and uncertain. One simply cannot promote them to something
that will reliably lead us to the next discovery in particle physics.
The desire to “abandon all the existing knowledge” is in no way new. It was surely common
among physicists before the war, see Ref. 147. “The task is, not so much to see what no
one has yet seen; but to think what nobody has yet thought, about that which everybody
sees” (E. Schroedinger). In our view the problem is not how to imagine wild scenarios, but
rather how to arrive at the correct scenario by making only small steps, without having to
make unreasonable assumptions (see Gerard ’t Hooft’s contribution in Ref. 148). We have
the Standard Model of particle physics with coupling strengths that we do not know how
to derive, but which can be measured accurately.
fSee http://motls.blogspot.it/2016/08/modern-obsession-with-permanent.html
60
In this report we have discussed not only the current framework for Run 1 studies, but we
have also reviewed a study of potential generalisations, such as the SMEFT, with the belief
that when it comes to the choice of the dynamics, quantum field theory will be the essential
framework for effective theories.
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Fig. 23: Estimated precision on the measurements of the signal strength for a SM-like Higgs boson.
The projections assume
√
s = 14 TeV and an integrated luminosity of 300 fb−1 (top), 3000 fb−1
(middle) and assuming no theoretical uncertainty (bottom).The projections are obtained with the
three uncertainty scenarios described in the text.
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